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General Introduction
Chapter 110
general introduCtion
Hearing impairment is the most common sensory disorder and affects one in every 500-1000 
newborns.1 It is estimated that half of the congenital/early onset cases of hearing impairment 
are caused by genetic factors.2  In addition to those affected by congenital hearing impairment, a 
substantial part of the population will experience progressive sensorineural hearing impairment 
by the age of 65.3 A combination of both genetic and environmental factors play a role in 
most of the cases of late-onset hearing impairment.4 Age related hearing impairment (ARHI), 
or presbyacusis is the most common sensory disorder in the elderly.  Non-genetic factors 
that can cause hearing impairment are numerous, like trauma, ototoxic drugs, infections and 
environmental factors. Hearing impairment with a genetic cause can be nonsyndromic  (70% of 
early onset cases) i.e. not associated with other distinctive clinical features, or it can be part of a 
syndrome (30% of early onset cases). Nonsyndromic hereditary hearing impairment can follow 
different inheritance patterns i.e. autosomal recessive (70-80%),  autosomal dominant (20-30%), 
X-linked (<1%), mitochondrial (<1%) or Y-chromosomal (very rare). 3,5
Clinical description of hearing impairment
In order to give an adequate clinical description of hearing impairment, several characteristics 
should be taken into account. Table 1 one displays an overview of those characteristics.6 
A tool to characterize different types of hearing impairment based on pure tone audiograms 
is the Age Related Typical Audiograms (ARTA) method. This type of audio profiling reveals a 
comprehensive phenotype presentation in progressive hearing impairment. If the genotype in a 
family is known, the corresponding  ARTA can be used for counseling purposes.  In addition, an 
ARTA can also help in predicting the gene involved in a specific family with hearing impairment.7,8 
Furthermore, it can be used to compare different types of hearing impairment in relation to 
the genotype. The construction of an ARTA from regression analysis of age-related pure tone 
threshold data has been described by Huygen et al. 9,10  An online tool for audio profiling of 
autosomal dominant hearing impairment is available at the webpage of the University of Iowa 
and is called Audiogene (http://audiogene.eng.uiowa.edu/).
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table 1. Characteristics for a clinical description of hearing impairment.6
Characteristics Subdivision Explanation
Type of hearing 
impairment
Conductive Results from abnormalities of the external and/or middle ear. 
Characterized by an air-bone gap >15 dB HL averaged over 0.5, 1 
and 2 kHz, with normal bone conduction thresholds. 
Sensorineural Results from malfunctioning of inner ear structures or cochlear 
nerve. Characterized by bone conduction thresholds > 20 dB HL 
with an absent or <15 dB HL air-bone gap, averaged over 0.5,1 
and 2 kHz 
Mixed Conductive and sensorineural hearing impairment combined. 
Characterized by bone conduction thresholds >20 dB HL and air-
bone gap > 15 dB HL averaged over 0.5, 1 and 2 kHz. 
Severity 
of hearing 
impairment
Mild 20-40 dB HL
Moderate 41-70 dB HL
Severe 71-95 dB HL
Profound >95 dB HL
Frequency ranges Low frequencies ≤ 0.5 kHz
Mid frequencies >0.5 kHz and ≤ 2 kHz
High frequencies >2 kHz and ≤ 8 kHz
audiometric 
configuration
Low frequency 
ascending
>15 dB HL difference between the lower frequency thresholds 
and the higher frequency thresholds
Mid-frequency >15 dB HL between the mid-frequencies and lower and higher 
frequencies
High frequency Gently sloping: 15-29 dB HL difference between the mean of 0.5 
and 1 kHz and the mean of 4 and 8 kHz
Steeply sloping: >30 dB HL difference between the mean of 0.5 
and 1 kHz and the mean of 4 and 8 kHz
Flat <15 dB HL difference between the mean of 0.25, 0.5 kHz, the 
mean of 1 and 2 kHz and the mean of 4 and 8 kHz thresholds
Symmetry 
of hearing 
impairment
Bilateral The average of 0.5, 1 and 2 kHz of both ears > 20 dB HL
Asymmetrical >10 dB HL difference between the ears in at least two frequencies
Age of onset Prelingual Hearing impairment present before speech develops
Postlingual Hearing impairment after normal speech has developed
Genetic description of hearing impairment
The different chromosomal loci for nonsyndromic, sensorineural hearing impairment are 
referred to as DFN (DeaFNess), and are ordered chronologically in order of discovery.   When the 
inheritance pattern of the hearing impairment associated with a locus is autosomal dominant, 
it is referred to as DFNA. Loci for autosomal recessive hearing impairment are referred to as 
DFNB, for X-linked hearing impairment as DFNX and for Y linked hearing impairment as DFNY.  At 
the time of writing, 64 loci for autosomal dominant, 101 loci for autosomal recessive, 5 loci for 
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X-linked, 1 locus for Y-linked are known. In addition to these there are 2 modifier loci (DFNM) and 
1 locus for auditory neuropathy (AUNA) known. Respectively, 30 genes for autosomal dominant, 
55 genes for autosomal recessive and 4 for X-linked hearing impairment have been identified and 
1 gene for AUNA identified.11 There are more than 400 syndromes with hearing impairment as a 
feature and in many of these the associated gene has been identified.12
Genetic testing
Multiple technologies are available to identify the genetic defect underlying a clinically 
diagnosed hereditary hearing impairment. For example, linkage analysis can be used to confirm  
the inhereditance of a disease allele in affected family members.13  Moreover, selected gene 
tests can confirm a genetic mutation as a cause of hearing impairment in an individual or family.  
Next generation sequencing techniques can be used to sequence a large panel of genes or 
the complete exome (whole exome sequencing; WES) in a single experiment.14 Although WES 
has only recently been introduced in the clinical practice, it is more efficient and cheaper than 
consecutive single gene sequencing. 14,15  
Inner ear function and gene expression
Figure 1. Transverse section of the cochlea (available at hereditary hearing loss homepage; http://
hereditaryhearingloss.org/main.aspx?c=.HHH&n=87131)
legend
1. Inner hair cell 
2. Outer hair cell 
3. Spiral ligament 
4. Stria vascularis
5. Spiral ganglion 
6. Auditory nerve 
7. Reissner’s membrane 
8. Tectorial membrane
9. Basilar membrane
10. Scala vestibuli 
11. Scala media 
12. Scala tympani
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The cochlea is a complex organ. Figure 1 displays an overview of the cochlea and organ of corti. 
The organ of corti lies in the scala media, one of the three compartments of the cochlea, and is 
filled with endolymph. The other two compartments are the scala vestibule and scala tympani, 
which are both filled with perilymph.  The organ of corti contains different structures, crucial for 
hearing.  The mechanosensory cells are the hairs, organized in one row of inner hair cells and 
three rows of outer hair cells. The outer hair cells are connected with the tectorial membrane 
through their apical stereocillia. The pathomechanisms of hearing impairment depend on the 
mutated gene and thereby on the function of the encoded protein in the inner ear. In addition, 
the type of mutation can play a role in the pathomechanisms (cf dominant and recessive 
mutations in TECTA).16,17 According to their function, genes associated with hearing impairment 
can be divided into different classes, which are displayed in table 2.18 
table 2. Genes causing hearing impairment and the function of the protein they encode in the inner ear. 
Function of the protein in auditory system Encoding genes
Hair bundle morphogenesis Proteins of the cystoskeleton ACTG1, DIAPH1, ESPN, RDX TRIOBP, CCD50
Adhesion proteins CDH23, PCDH15, TMHS, VLGR1b, USH2a
Motor proteins MYO6, MYO7A, MYH9, MYO15A, MYO3A
Scaffolding proteins WHRN, USSH1C, SANS
Extracellular matrix TECTA, COL11A2, STRC, OTOA, COCH, 
Ion homeostasis Connexins GJB2, GJB3, GJB6
Ion channels KCNQ4, SLC26A4, SLC26A5
Tight junctions CLDN14, TRJC, 
Others CRYM, WFS1
Transcription factors EYA4, POU4F3, POU3F4, TCP2L3, ESRRB
Function not yet fully understood TMPRSS3, TMC1, MYO1A, MYH14, DFNA5, 
PJVK, TMIE, OTOF
Mitochondrial function MTTS1, MTRNR1
Functional status of the impaired cochlea
In order to evaluate the functional status of the cochlea in individuals with hereditary hearing 
impairment, an extended set of audiometric measurements was introduced by de Leenheer et 
al.19 This extended test battery, comprising tests that assess loudness perception and spectral 
and temporal processing, was used in this thesis to evaluate cochlear function in detail, in 
the affected individuals with non-ocular Stickler syndrome, HDR syndrome and DFNA10. This 
test battery is sometimes referred to as ‘psychophysical measurements’. These extended 
audiometric tests have been used to better understand the categorization  of cochlear hearing 
impairment into one of four different types; sensory, strial, neural, and cochlear conductive. This 
categorization of cochlear hearing impairment was suggested by Schuknecht and Gacek, and is 
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based on studying the reported relations between temporal bone findings of hearing impaired 
patients that passed away, their last audiograms and speech recognition.20 The sensory type is 
ascribed to impaired functioning (or lost) of hair cells, and is associated with high-frequency 
hearing loss. It is expected that  loudness perception and frequency resolution are affected. 
The strail type is ascribed to impairment of the stria vascularis, which affects the functioning of 
the organ of Corti and results in a rather flat audiogram. It is not yet known what its effect is on 
any of the tests. Furthermore, the neural type is ascribed to problems with neural processing 
and is characterized by poor speech discrimination. It is expected that in such patients at least 
temporal processing is affected. The fourth type, called the cochlear conductive is ascribed 
to alterations in the resonance characteristics of the basilar membrane. It is speculated that 
such patients have (near)normal spectral and temporal processing as well as normal loudness 
perception. Previously, using this extended test battery, we categorized the Usher 2A syndrome 
as an example of the sensory type of hearing impairment 21 what could be expected based on its 
genotype. DFNA8/12 (TECTA) and DFNA13 (COL11A2) are examples of the cochlear conductive 
type of hearing impairment according to the tests.19,22  Both TECTA and COL11A2 are indeed 
expressed in the tectorial membrane, alterning its visco elastic properties. 16,23,24 Apart from 
the standard tone and speech audiometry and speech-in noise test, this extended test battery 
comprises a temporal resolution test (gap detection test) a frequency discrimination test 
(difference limen for frequency) and a loudness perception test (loudness growth test). Initially, 
a frequency resolution test was also part of the battery, but owing to poor reproducibility, it 
was removed from the battery.21 Categorizing hearing impairment into the above mentioned 
categories can be helpful in gaining insight into the pathological effects of the disease genes on 
the functioning of the cochlea.
Studied groups of patients 
In this thesis, clinical and genetic aspects of two types of syndromic hereditary hearing 
impairment, non-ocular Stickler syndrome and HDR syndrome, are described. Furthermore, 
clinical and genetic aspects of three types of nonsyndromic autosomal dominant hereditary 
hearing impairment are  displayed; DFNA10, DFNA17 and DFNA60 respectively. An overview of 
these hearing impairment disorders are exhibited below. 
Non-ocular Stickler syndrome
Stickler syndrome is characterized by ocular, orofacial, skeletal, cardiac and auditory features. 
This syndrome was first described by Stickler et al. in 1965.25 They described a family with 
progressive myopia that resulted in retinal detachment. The patients also developed slight hyper-
mobility as well as degenerative changes of the joints. Subsequently, radiographic abnormalities, 
cleft palate and mild hearing impairment were found to be part of the syndrome.26 Hall described 
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the Pierre-Robin sequence and typical orofacial features, such as a flat midface with a depressed 
nasal bridge, to be part of this syndrome.27 Stickler syndrome typically includes sensorineural 
hearing loss. Furthermore, hearing impairment in Stickler syndrome can be associated with 
a cleft and high arched palate, which can lead to otitis media and thus conductive hearing 
impairment.28  Five subtypes of Stickler syndrome can be discriminated, each exhibiting specific 
features. Stickler syndrome type 3  is also called non-ocular Stickler syndrome because the ocular 
symptoms are absent in this type. Non-ocular Stickler is caused by mutations in COL11A2, which 
is expressed in the tectorial membrane.23 Hearing impairment in non-ocular Stickler syndrome 
has been reported before and showed to be mild to severe without an uniformity in the 
audiogram configuration.29-32  
HDR syndrome
HDR syndrome is a very rare syndrome and is characterized by hypoparathyroidism, deafness 
and renal defects.33-36 HDR syndrome is caused by mutations in GATA3 encoding a zinc finger 
transcription factor that is essential for development of several tissues and organs during 
embryogenesis.33,37 GATA3 is expressed in various cell types that appear during ontogenesis: 
outer hair cells, inner hair cells and various supporting cells.38-41 Van der Wees et al. indicated 
that the cochleae of GATA3-knockout mice show significant progressive morphological 
degeneration, starting with the outer hair cells. Ultimately, all hair cells and supporting cells in 
the cochlea were affected.42 Thus, GATA3 probably plays a role in normal vestibular and cochlear 
morphogenesis and is especially important for cochlear sensory differentiation. Sensorineural 
hearing impairment in HDR syndrome can be either symmetric and asymmetric, with severities 
ranging from moderate to profound. The higher frequencies are more often affected than 
the lower frequencies.34-36,43-49 Moreover, a speech perception test in conditions of noise was 
performed by van Looij et al. in two HDR patients which revealed poor results.44 
dfna10
DFNA10 is caused by mutations in ‘eyes absent 4’ (EYA4), a member of the vertebrate Eya family 
of transcriptional activators.50  So far, seven families have been described with mutations in 
EYA4 causing hearing impairment.51-60 Age of onset varies from the first till fourth decade of 
life and hearing impairment generally shows to be progressive. A flat audiogram configuration 
is reported in the majority of the cases although variable audiogram configurations are also 
described.  The severity of hearing impairment varies from mild to severe. Schönberger et 
al.  presented a family with a mutation in EYA4, causing sensorineural hearing impairment 
and dilated cardiomyopathy, suggesting a syndrome with linkage to a locus overlapping the 
DFNA10 locus.58 Indeed, Schönberger et al. confirmed that EYA4 has a role in cardiac muscle.59 
Makishima et al. suggested that mutations truncating the C-terminal eya domain are associated 
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with DFNA10 hearing loss and a normal cardiac phenotype, whereas mutations truncating the 
N-terminal variable region result in hearing loss plus dilated cardiomyoptathy.53 The function of 
eya4 in the inner ear was investigated by Wang et al. They demonstrated that eya4 morphant 
fish embryos have a reduced number of hair cells in the otic vesicle and lateral line neuromasts 
with impaired sensory responses.61
dfna17
DFNA17 is caused by mutations in MYH9, which codes for the non-muscle myosin heavy chain 
IIA protein (NMMHC-IIA) and is expressed in certain types of blood cells, in the cochlea and 
in the kidney. Lalwani et al. and Hildebrand et al. were the first to describe two families with 
an R705H mutation in MYH9 causing DFNA17.62-65 In both families, sensorineural hearing 
impairment (SNHI) was characterized by an age of onset between six years and the mid-20s. An 
initial loss of the higher frequencies with later involvement of all frequencies and a progression 
to severe to profound deafness during the third decade of life were observed. Mutations in 
MYH9 can also cause MYH9-related diseases (MYH9-RD).  These are known as the May-Hegglin 
anomaly, Epstein syndrome, Fechtner syndrome and Sebastian syndrome.66-68 The MYH9-RD 
phenotype shows a combination of symptoms including thrombocytopenia in almost all, SNHI in 
77% of the affected individuals, and cataracts, nephritis and/or polymorphonuclear Döhle-like 
bodies in some cases. Recently, Verver et al suggested that the R705H mutation can also cause            
MYH9-RD, since two unrelated families with a R705H mutation had not only hearing impairment 
but also thrombocytopenia, giant platelets, leukocyte inclusions and moderate elevation of 
some liver enzymes.69 Expression of the MYH9 gene has been demonstrated in rat and mice 
cochlea, specifically in the inner and outer sensory and pillar cells of the organ of Corti, the spiral 
ligament, the spiral limbus and Reissners membrane.63,70 Deafness due to the MYH9 mutation 
was not demonstrated in heterozygous MYH9 mice, suggesting a dominant negative effect in 
humans, which is reported in four different studies.71-75 
dfna60 
In 2007, Xiao Mei Ouyang et al. presented a novel locus for autosomal dominant non-syndromic 
hearing loss, DFNA60, mapped to chromosome 2q21.3-q24.1 with a critical region of 17 cM.76 In 
that study, a four-generation family of Poland-Jewish origin with eight affected family members 
was described, with the age at the onset of hearing impairment ranging from 15 to 30 years. No 
details about audiogram configuration in that family was described. So far the causative gene for 
DFNA60 has not been identified. 
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Aim of the thesis
This thesis focuses on the genetic and clinical aspects of hereditary hearing impairment in 
non-ocular Stickler syndrome, HDR syndrome, DFNA10, DFNA17 and DFNA60. The main aim 
is to improve insight into the phenotype of the above mentioned types of hereditary hearing 
impairment. Furthermore, the functional status of the impaired cochlea in non-ocular Stickler 
syndrome, HDR syndrome and DFNA10 are further outlined using an extended audiometric test 
battery.
In chapter 2, hereditary hearing impairment in two Dutch families with non-ocular Stickler 
syndrome is described. An extended set of audiometric measurements was executed to evaluate 
cochlear function in non-ocular Stickler syndrome. Results were compared with those previously 
published for DFNA8/12 and DFNA13 patients.  
Chapter 3 provides a description of hearing impairment in a Dutch family with HDR syndrome. 
A mutation in  GATA3 (c523_528dup) causing HDR syndrome in this family is reported.  
Furthermore, results of the extended set of audiometric measurements are provided and 
compared with results of those of patients with Usher syndrome type 2A.
The phenotype of a Dutch family with a mutation in EYA4, causing DFNA10 is described 
in chapter 4. This mutation (c.464del) leads to a frameshift and a premature stopcodon. 
Additionally, a missense variant of unknown pathogenicity was discovered. Moreover the 
extended set of audiometric measurements was performed in this family and results are 
compared with results of patients with DFNA8/12, DFNA13 and Usher syndrome type 2A. 
A novel mutation c.2507C>T; p.(Pro836Leu) in MYH9 in three family members of a Dutch family 
causing DFNA17 is the subject of chapter 5. A detailed description of the phenotype of DFNA17 
is presented. To evaluate the nonsyndromic phenotype, patients were screened on the presence 
of cataracts, nephropathy and thrombocytopenia. 
In chapter 6 a Dutch family with autosomal dominant non-syndromic hearing impairment 
with suggestive linkage to a region on chromosome 2 in q23.1-q23.2 within the DFNA60 locus 
(2q22.1-24.1) is described. A detailed description of hearing impairment in the present family is 
provided. 
Chapter 7 provides a general discussion and conclusions of the research described in this thesis. 
A summary of this thesis is provided in chapter 8.
Chapter 118
referenCes
1. Fortnum HM, Summerfield AQ, Marshall DH, et al. Prevalence of permanent childhood hearing 
impairment in the United Kingdom and implications for universal neonatal hearing screening: 
questionnaire based ascertainment study. BMJ 2001;323:536-40.
2. Morton CC, Nance WE. Newborn hearing screening--a silent revolution. N Engl J Med 2006;354:2151-64.
3. Morton NE. Genetic epidemiology of hearing impairment. Ann N Y Acad Sci 1991;630:16-31.
4. Toriello HV, Reardon W, Gorlin RJ, et al. Hereditary hearing loss and its syndromes, 2nd ed. Oxford ; New 
York: Oxford University Press; 2004. p. xix, 502 p.
5. Wang Q, Xue Y, Zhang Y, et al. Genetic basis of Y-linked hearing impairment. American journal of human 
genetics 2013;92:301-6.
6. Mazzoli M, Van Camp, G, Newton, V, Giarbini, N, Declau, F, Parving, A. Available at: 
hereditaryhearingloss.org. Accessed 18 june, 2014.
7. Bischoff AM, Luijendijk MW, Huygen PL, et al. A novel mutation identified in the DFNA5 gene in a Dutch 
family: a clinical and genetic evaluation. Audiology & neuro-otology 2004;9:34-46.
8. Topsakal V, Pennings RJ, te Brinke H, et al. Phenotype determination guides swift genotyping of a 
DFNA2/KCNQ4 family with a hot spot mutation (W276S). Otology & neurotology : official publication 
of the American Otological Society, American Neurotology Society [and] European Academy of Otology 
and Neurotology 2005;26:52-8.
9. Huygen PLM, Pennings, R.J.E., Cremers C.W.R.J. Characterizing and distinguishing progressive 
phenotypes in nonsyndromic autosomal dominant hearing impairment Audio Med 2003;1:37-46.
10. de Heer AM, Schraders M, Oostrik J, et al. Audioprofile-directed successful mutation analysis in a 
DFNA2/KCNQ4 (p.Leu274His) family. The Annals of otology, rhinology, and laryngology 2011;120:243-8.
11. van Camp G, Smith, R.J.H. . (march 19th 2014). Available at: Http://hereditaryhearingloss.org. Accessed 
18th June, 2014.
12. (25 July 2014 ). Available at: www.omim.org. Accessed July 2014.
13. Collin RW, Chellappa R, Pauw RJ, et al. Missense mutations in POU4F3 cause autosomal dominant 
hearing impairment DFNA15 and affect subcellular localization and DNA binding. Human mutation 
2008;29:545-54.
14. Neveling K, Feenstra I, Gilissen C, et al. A post-hoc comparison of the utility of sanger sequencing and 
exome sequencing for the diagnosis of heterogeneous diseases. Human mutation 2013;34:1721-6.
15. Shearer AE, DeLuca AP, Hildebrand MS, et al. Comprehensive genetic testing for hereditary hearing loss 
using massively parallel sequencing. Proceedings of the National Academy of Sciences of the United 
States of America 2010;107:21104-9.
16. Verhoeven K, Van Laer L, Kirschhofer K, et al. Mutations in the human alpha-tectorin gene cause 
autosomal dominant non-syndromic hearing impairment. Nature genetics 1998;19:60-2.
17. Mustapha M, Weil D, Chardenoux S, et al. An alpha-tectorin gene defect causes a newly identified 
autosomal recessive form of sensorineural pre-lingual non-syndromic deafness, DFNB21. Human 
molecular genetics 1999;8:409-12.
18. Hilgert N, Smith RJ, Van Camp G. Function and expression pattern of nonsyndromic deafness genes. 
Curr Mol Med 2009;9:546-64.
19. De Leenheer EM, Bosman AJ, Kunst HP, et al. Audiological characteristics of some affected members of 
a Dutch DFNA13/COL11A2 family. The Annals of otology, rhinology, and laryngology 2004;113:922-9.
20. Schuknecht HF, Gacek MR. Cochlear pathology in presbycusis. Ann Otol Rhinol Laryngol 1993;102:1-16.
21. Leijendeckers JM, Pennings RJ, Snik AF, et al. Audiometric characteristics of USH2a patients. Audiology 
& neuro-otology 2009;14:223-31.
19General Introduction
1
22. Plantinga RF, Cremers CW, Huygen PL, et al. Audiological evaluation of affected members from a Dutch 
DFNA8/12 (TECTA) family. J Assoc Res Otolaryngol 2007;8:1-7.
23. McGuirt WT, Prasad SD, Griffith AJ, et al. Mutations in COL11A2 cause non-syndromic hearing loss 
(DFNA13). Nature genetics 1999;23:413-9.
24. Kirschhofer K, Kenyon JB, Hoover DM, et al. Autosomal-dominant, prelingual, nonprogressive 
sensorineural hearing loss: localization of the gene (DFNA8) to chromosome 11q by linkage in an 
Austrian family. Cytogenet Cell Genet 1998;82:126-30.
25. Stickler GB, Belau PG, Farrell FJ, et al. Hereditary progressive arthro-opthalmopthy Mayo Clin Proc 
1965;40:433-55.
26. Stickler Gb PDG. Hereditary progressive arthro-ophtalmopathy. II. Additional observations on vertebral 
abnormalities, a hearing defect, and a report of a similar case. In: Mayo Clin Proc; 1967. p. 495-500.
27. Hall J. Stickler syndrome. Presenting as a syndrome of cleft palate, myopia and blindness inherited as a 
dominant trait. Birth Defects Orig Artic Ser 1974;10:157-71.
28. Snead MP, Yates JR. Clinical and Molecular genetics of Stickler syndrome. J Med Genet 1999;36:353-59.
29. Admiraal RJ, Brunner HG, Dijkstra TL, et al. Hearing loss in the nonocular Stickler syndrome caused by a 
COL11A2 mutation. The Laryngoscope 2000;110:457-61.
30. Sirko-Osadsa DA, Murray MA, Scott JA, et al. Stickler syndrome without eye involvement is caused 
by mutations in COL11A2, the gene encoding the alpha2(XI) chain of type XI collagen. J Pediatr 
1998;132:368-71.
31. Vuoristo MM, Pappas JG, Jansen V, et al. A stop codon mutation in COL11A2 induces exon skipping and 
leads to non-ocular Stickler syndrome. Am J Med Genet A 2004;130A:160-4.
32. Avcin T, Makitie O, Susic M, et al. Early-onset osteoarthritis due to otospondylomegaepiphyseal 
dysplasia in a family with a novel splicing mutation of the COL11A2 gene. J Rheumatol 2008;35:920-6.
33. Van Esch H, Groenen P, Nesbit MA, et al. GATA3 haplo-insufficiency causes human HDR syndrome. 
Nature 2000;406:419-22.
34. Muroya K, Hasegawa T, Ito Y, et al. GATA3 abnormalities and the phenotypic spectrum of HDR 
syndrome. J Med Genet 2001;38:374-80.
35. Lichtner P, Konig R, Hasegawa T, et al. An HDR (hypoparathyroidism, deafness, renal dysplasia) 
syndrome locus maps distal to the DiGeorge syndrome region on 10p13/14. J Med Genet 2000;37:33-7.
36. Bilous RW, Murty G, Parkinson DB, et al. Brief report: autosomal dominant familial hypoparathyroidism, 
sensorineural deafness, and renal dysplasia. N Engl J Med 1992;327:1069-74.
37. Pandolfi PP, Roth ME, Karis A, et al. Targeted disruption of the GATA3 gene causes severe abnormalities 
in the nervous system and in fetal liver haematopoiesis. Nat Genet 1995;11:40-4.
38. Rivolta MN, Holley MC. GATA3 is downregulated during hair cell differentiation in the mouse cochlea. J 
Neurocytol 1998;27:637-47.
39. Lawoko-Kerali G, Rivolta MN, Holley M. Expression of the transcription factors GATA3 and Pax2 during 
development of the mammalian inner ear. J Comp Neurol 2002;442:378-91.
40. Karis A, Pata I, van Doorninck JH, et al. Transcription factor GATA-3 alters pathway selection of 
olivocochlear neurons and affects morphogenesis of the ear. J Comp Neurol 2001;429:615-30.
41. Debacker C, Catala M, Labastie MC. Embryonic expression of the human GATA-3 gene. Mech Dev 
1999;85:183-7.
42. van der Wees J, van Looij MA, de Ruiter MM, et al. Hearing loss following Gata3 haploinsufficiency is 
caused by cochlear disorder. Neurobiol Dis 2004;16:169-78.
43. Zahirieh A, Nesbit MA, Ali A, et al. Functional analysis of a novel GATA3 mutation in a family with the 
hypoparathyroidism, deafness, and renal dysplasia syndrome. J Clin Endocrinol Metab 2005;90:2445-
50.
Chapter 120
44. van Looij MA, Meijers-Heijboer H, Beetz R, et al. Characteristics of hearing loss in HDR 
(hypoparathyroidism, sensorineural deafness, renal dysplasia) syndrome. Audiol Neurootol 
2006;11:373-9.
45. Nakamura A, Fujiwara F, Hasegawa Y, et al. Molecular analysis of the GATA3 gene in five Japanese 
patients with HDR syndrome. Endocr J 2011;58:123-30.
46. Moldovan O, Carvalho R, Jorge Z, et al. A new case of HDR syndrome with severe female genital tract 
malformation: comment on “Novel mutation in the gene encoding the GATA3 transcription factor in a 
Spanish familial case of hypoparathyroidism, deafness, and renal dysplasia (HDR) syndrome with female 
genital tract malformations” by Hernandez et al. Am J Med Genet A 2011;155A:2329-30.
47. Hernandez AM, Villamar M, Rosello L, et al. Novel mutation in the gene encoding the GATA3 
transcription factor in a Spanish familial case of hypoparathyroidism, deafness, and renal dysplasia 
(HDR) syndrome with female genital tract malformations. Am J Med Genet A 2007;143:757-62.
48. Hasegawa T, Hasegawa Y, Aso T, et al. HDR syndrome (hypoparathyroidism, sensorineural deafness, 
renal dysplasia) associated with del(10)(p13). Am J Med Genet 1997;73:416-8.
49. Fujimoto S, Yokochi K, Morikawa H, et al. Recurrent cerebral infarctions and del(10)(p14p15.1) de novo 
in HDR (hypoparathyroidism, sensorineural deafness, renal dysplasia) syndrome. Am J Med Genet 
1999;86:427-9.
50. Wayne S, Robertson NG, DeClau F, et al. Mutations in the transcriptional activator EYA4 cause late-onset 
deafness at the DFNA10 locus. Hum Mol Genet 2001;10:195-200.
51. De Leenheer EM, Huygen PL, Wayne S, et al. The DFNA10 phenotype. Ann Otol Rhinol Laryngol 
2001;110:861-6.
52. Hildebrand MS, Coman D, Yang T, et al. A novel splice site mutation in EYA4 causes DFNA10 hearing loss. 
Am J Med Genet A 2007;143A:1599-604.
53. Makishima T, Madeo AC, Brewer CC, et al. Nonsyndromic hearing loss DFNA10 and a novel mutation 
of EYA4: evidence for correlation of normal cardiac phenotype with truncating mutations of the Eya 
domain. Am J Med Genet A 2007;143A:1592-8.
54. O’Neill ME, Marietta J, Nishimura D, et al. A gene for autosomal dominant late-onset progressive non-
syndromic hearing loss, DFNA10, maps to chromosome 6. Hum Mol Genet 1996;5:853-6.
55. Pfister M, Toth T, Thiele H, et al. A 4-bp insertion in the eya-homologous region (eyaHR) of EYA4 causes 
hearing impairment in a Hungarian family linked to DFNA10. Mol Med 2002;8:607-11.
56. Verhoeven K, Fagerheim T, Prasad S, et al. Refined localization and two additional linked families for the 
DFNA10 locus for nonsyndromic hearing impairment. Hum Genet 2000;107:7-11.
57. Verstreken M, Declau F, Schatteman I, et al. Audiometric analysis of a Belgian family linked to the 
DFNA10 locus. Am J Otol 2000;21:675-81.
58. Schonberger J, Levy H, Grunig E, et al. Dilated cardiomyopathy and sensorineural hearing loss: a 
heritable syndrome that maps to 6q23-24. Circulation 2000;101:1812-8.
59. Schonberger J, Wang L, Shin JT, et al. Mutation in the transcriptional coactivator EYA4 causes dilated 
cardiomyopathy and sensorineural hearing loss. Nature genetics 2005;37:418-22.
60. Baek JI, Oh SK, Kim DB, et al. Targeted massive parallel sequencing: the effective detection of novel 
causative mutations associated with hearing loss in small families. Orphanet journal of rare diseases 
2012;7:60.
61. Wang L, Sewell WF, Kim SD, et al. Eya4 regulation of Na+/K+-ATPase is required for sensory system 
development in zebrafish. Development 2008;135:3425-34.
62. Lalwani AK, Luxford WM, Mhatre AN, et al. A new locus for nonsyndromic hereditary hearing 
impairment, DFNA17, maps to chromosome 22 and represents a gene for cochleosaccular 
degeneration. American journal of human genetics 1999;64:318-23.
21General Introduction
1
63. Lalwani AK, Goldstein JA, Kelley MJ, et al. Human nonsyndromic hereditary deafness DFNA17 is due to a 
mutation in nonmuscle myosin MYH9. American journal of human genetics 2000;67:1121-8.
64. Lalwani AK, Linthicum FH, Wilcox ER, et al. A five-generation family with late-onset progressive 
hereditary hearing impairment due to cochleosaccular degeneration. Audiology & neuro-otology 
1997;2:139-54.
65. Hildebrand MS, de Silva MG, Gardner RJ, et al. Cochlear implants for DFNA17 deafness. The 
Laryngoscope 2006;116:2211-5.
66. Seri M, Pecci A, Di Bari F, et al. MYH9-related disease: May-Hegglin anomaly, Sebastian syndrome, 
Fechtner syndrome, and Epstein syndrome are not distinct entities but represent a variable expression 
of a single illness. Medicine (Baltimore) 2003;82:203-15.
67. Pecci A, Panza E, Pujol-Moix N, et al. Position of nonmuscle myosin heavy chain IIA (NMMHC-IIA) 
mutations predicts the natural history of MYH9-related disease. Human mutation 2008;29:409-17.
68. Althaus K, Greinacher A. MYH9-related platelet disorders. Semin Thromb Hemost 2009;35:189-203.
69. Verver E, Pecci A, De Rocco D, et al. R705H mutation of MYH9 is associated with MYH9-related disease 
and not only with non-syndromic deafness DFNA17. Clinical genetics 2014.
70. Mhatre AN, Li J, Kim Y, et al. Cloning and developmental expression of nonmuscle myosin IIA (Myh9) in 
the mammalian inner ear. J Neurosci Res 2004;76:296-305.
71. Pecci A, Canobbio I, Balduini A, et al. Pathogenetic mechanisms of hematological abnormalities of 
patients with MYH9 mutations. Hum Mol Genet 2005;14:3169-78.
72. Deutsch S, Rideau A, Bochaton-Piallat ML, et al. Asp1424Asn MYH9 mutation results in an unstable 
protein responsible for the phenotypes in May-Hegglin anomaly/Fechtner syndrome. Blood 
2003;102:529-34.
73. Kunishima S, Matsushita T, Kojima T, et al. Immunofluorescence analysis of neutrophil nonmuscle 
myosin heavy chain-A in MYH9 disorders: association of subcellular localization with MYH9 mutations. 
Lab Invest 2003;83:115-22.
74. Franke JD, Dong F, Rickoll WL, et al. Rod mutations associated with MYH9-related disorders disrupt 
nonmuscle myosin-IIA assembly. Blood 2005;105:161-9.
75. Parker LL, Gao J, Zuo J. Absence of hearing loss in a mouse model for DFNA17 and MYH9-related 
disease: the use of public gene-targeted ES cell resources. Brain research 2006;1091:235-42.
76. Ouyang XM, Yan D, Du LL, et al. A Novel Locus for Autosomal Dominant Non-Syndromic Hearing Loss, 
Maps to Chromosome 2q21.3-q24.1. Assoc Res Otolaryngol Abs 2007;30:68.

Chapter 2
Audiometric Characteristics of Two Dutch 
Families with Non-ocular Stickler Syndrome 
(COL11A2)
E. van Beelen
J.M. Leijdendeckers
P.L.M. Huygen
R.J.C. Admiraal
L.H. Hoefsloot
K.D. Lichtenbelt
L. Stöbe
R.J.E. Pennings
R. Leuwer
A.F.M. Snik
H.P.M. Kunst
Hearing Research 2012 Sep; 291(1-2): 15-23
Chapter 224
aBstraCt
Objective
To evaluate hearing impairment and cochlear function in non-ocular Stickler syndrome. 
Study design 
Multifamily study. 
Patients & methods 
Ten patients from two different families with non-ocular Stickler syndrome (Stickler syndrome 
type 3) were included. Six members of the first family and four members of the second family 
participated in this study. Otorhinolaryngologic examinations were performed. Pure-tone 
and speech audiograms were obtained. Longitudinal analysis was performed. Psychophysical 
measurements, including loudness scaling, gap detection, difference limen for frequency and 
speech perception in noise were administered to assess cochlear function at a deeper level.
results
Affected individuals in the first family were carriers of a heterozygous splice donor mutation 
in the COL11A2 gene. Affected individuals in the second family were carriers of a novel 
heterozygous missense mutation in COL11A2. Both families showed bilateral, non-progressive 
hearing impairment with childhood onset. The severity of the hearing impairment exhibited 
inter- and intrafamilial variability and was mostly mild to moderate. The results of the 
psychophysical measurements were similar to those previously published for DFNA8/12 (TECTA) 
and DFNA13 (COL11A2) patients and thus consistent with an intra-cochlear conductive hearing 
impairment. This is in line with the theory that mutations in COL11A2 affect tectorial membrane 
function. 
Conclusion 
Hearing impairment in non-ocular Stickler syndrome is characterized by non-progressive 
hearing loss, present since childhood, and mostly mild to moderate in severity. Psychophysical 
measurements in non-ocular Stickler patients were suggestive of intra-cochlear conductive 
hearing impairment.
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introduCtion
Stickler syndrome is a connective tissue disorder with an estimated prevalence of 1 in 10,000 
births. It is characterized by ocular, orofacial, skeletal, cardiac and auditory features. The 
syndrome was first described by Stickler et al. in 1965.1 He described a family with progressive 
myopia that resulted in retinal detachment. The affected patients also developed slight hyper-
mobility as well as degenerative changes of the joints. Subsequently, radiographic abnormalities, 
cleft palate and mild hearing impairment were found to be part of the syndrome.2 Hall added 
the Pierre-Robin sequence and typical orofacial features, such as a flat midface with a depressed 
nasal bridge, to this syndrome (see Figure 1).3 
Figure 1. Lateral (a) and frontal (b) photographs of a Stickler patient. Prominent midfacial hypoplasia, 
depressed nasal bridge and a short upturned nose are present. 
Stickler syndrome is associated with mutations in COL2A1, COL9A1, COL9A2, COL11A1 and 
COL11A2.4 This indicates that there are five types of Stickler syndrome, three of them (COL2A1, 
COL11A1 and COL11A2) are autosomal dominantly inherited. Type 1 (COL2A1) and type 2 
(COL11A1) are the vitreous types and have ocular features. Non-ocular Stickler syndrome, 
the third phenotype, was linked by Brunner et al. to a region of chromosome 6p22-p21.3 that 
contains the COL11A2 gene.5 The mutation in COL11A2, a heterozygous splice donor mutation 
causing an in-frame skipping of a 54-bp exon, was identified in this family by Vikkula et al.6 
COL11A2 encodes for the α2 (XI)-chain collagen and is not expressed in the ocular vitreous 
humor. This explains the lack of ocular involvement in the non-ocular Stickler syndrome.7 
COL11A2 mutations are also found in patients with an autosomal recessive variant, denoted 
a b
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as otospondylomegaepiphyseal dysplasia (OSMED) 6,7, and with the dominantly inherited 
Weissenbacher-Zweymuller syndrome.8 Furthermore, autosomal dominant non-syndromic 
deafness DFNA13 9-11 and autosomal recessive non-syndromic deafness DFNB53 12 are also 
caused by mutations in COL11A2. Table 1 shows the different phenotypes that may be caused by 
mutations in the COL11A2 gene.
table 1. COL11A2 related diseases
 
 
Weisenbacher 
Zweymuller Syndrome 
dfna13 OSMED Syndrome dfnB53 
Phenotype Dwarfism, micrognathia, 
cleft palate, depressed 
nasal root, hypertelorism, 
protruding eyes, 
sensorineural hearing 
impairment
Non-syndromic Osteoarthritis, midface 
hypoplasia, short 
upturned nose, depressed 
nasal bridge, prominent 
eyes, sensorineural 
hearing impairment
Non-syndromic
inheritance Dominant Dominant Recessive Recessive
Age of onset Early chidlhood Early childhood Early childhood Prelingual
Audiogram 
configuration
SNHL SNHL, Mild or 
high frequencies
SNHL, Flat or high 
frequencies
SNHL
Severity 
of hearing 
impairment
Severe Mild to moderate Moderate to profound Profound
The hearing impairment in Stickler syndrome has received less attention than its ocular features. 
Stickler syndrome typically includes sensorineural hearing loss. Furthermore, the hearing 
impairment in Stickler syndrome can be associated with a cleft and high arched palate, which 
can lead to otitis media and thus conductive hearing impairment.13 Stickler and Pugh described 
a mild, possibly progressive sensorineural hearing loss of 25-30 dB (decibel) in the 2 kHz - 8 kHz 
(kilohertz) range in two patients.2 Furthermore, mutations in COL2A1 cause a mild sensorineural 
hearing impairment in the high frequencies.14 COL11A1 mutations are associated with moderate 
to severe sensorineural hearing loss at all frequencies. Hearing impairment has an early 
childhood-onset in the high frequencies, which progresses later in life.15 In 2000, Admiraal et 
al. described the hearing impairment associated with mutations in COL11A2 in the first family 
presented in this study. The hearing impairment in this family was non-progressive, and there 
was no uniformity in the audiogram configuration.16 Sirko-Osadsa et al. described another large 
family with a different mutation in COL11A2.17 They observed 30-50 dB sensorineural hearing 
impairment in seven individuals. To our knowledge, these are the only large families in which 
audiometric findings as a feature of non-ocular Stickler syndrome (type 3) have been described. 
A smaller family has been described by Vuoristo et al. who displayed a 33 year old male with a 
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moderate to severe sensorineural hearing loss and his four year old son, who showed a mixed, 
mild to moderate hearing impairment.18 Furthermore, Avcin et al. described a 37 year old 
male with sensorineural, bilateral, severe hearing impairment. His six year old son showed a 
conductive hearing impairment.19    
To further outline the audiometric phenotype and effect of the disease gene on the cochlea, 
an extended set of audiological tests was performed on nine affected members of two 
Dutch families with non-ocular Stickler syndrome. This is the first time this extended set 
of psychophysical measurements has been performed in patients with non-ocular Stickler 
syndrome. A more detailed characterization of hearing impairment in this syndrome might lead 
to better genetic and audiological counseling.
patients and metHods
Patients
Ten patients from two different families agreed to participate in this study. After informed 
consent had been obtained, otorhinolaryngological examination was performed. Orthopedic, 
ophthalmologic and other medical information was collected, and previous audiograms were 
retrieved. The first family (six family members participated) was diagnosed 17 years ago. Their 
characteristics were described by Admiraal et al. 16 They are carriers of a heterozygous splice 
donor site mutation in the COL11A2 gene. The family members who participated in this study are 
indicated as A, B, C, D, E and F in the pedigree shown in Figure 2. 
The four members of the second family participating in this study are indicated as G, H, I and 
J in the pedigree in Figure 1. Because of her young age, individual J did not participate in the 
extended set of audiological tests. Blood samples were collected from the proband and other 
members of the second family. Genomic DNA was isolated from white blood cells using standard 
procedures. Family members were only analyzed for the exon containing the familial mutation. 
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Figure 2. Simplified pedigrees of family 1 and family 2. The individuals who participated in this study are 
indicated as A, B, C, D, E, F, G, H, I and J. Square, male; circle, female; open symbol, clinically unaffected; solid 
symbol, clinically affected; slash, deceased individual.
Audiometry and data analysis
Pure-tone audiograms were obtained at the Radboud University Nijmegen Medical Centre 
according to standard clinical procedures. Air conduction and bone conduction thresholds were 
measured at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz and 8 kHz. Mean thresholds of the left and 
right ear were used for longitudinal and cross-sectional analysis. When an air-bone gap was 
present, bone-conduction levels were used. Longitudinal analysis included previously obtained 
audiograms and was performed for individuals with three or more obtained audiograms. Linear 
regression analysis was performed to evaluate the progression of the hearing impairment. In 
each affected person, progression was considered to be significant if p<0.05. When hearing 
impairment was verified to be stable, a mean audiogram covering all ages was established for 
each family. Speech audiometry was performed following monaural stimulation using standard 
Dutch word lists. Scores are based on accurate phoneme recognition. Maximum binaural mean 
phoneme recognition scores were plotted against the binaural pure tone average for 1 kHz, 2 
kHz and 4 kHz. These plots were compared to similar plots obtained at our clinic in a group of 
patients with presbyacusis.20 Furthermore, psychophysical measurements were made, including 
loudness scaling, gap detection, difference limen in frequency (DLF) and speech perception 
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in noise, as described previously by Plantinga et al.21 Loudness scaling was performed at 
0.5 kHz and 2 kHz in the best ear using a 7-point categorical scale.22 Excluding categories 1 
(inaudible) and 7 (too loud), linear regression lines were determined. Results were compared 
with those of normal hearing individuals.23 Gap detection and difference limen in frequency 
were performed at the patient’s most comfortable listening level in the best hearing ear with 
headphones. Gap detection was measured with unfiltered white noise and with 0.5 kHz and 2 
kHz filtered white noise. The difference limen for frequency discrimination was measured with 
frequency-modulated pure tones. The range of the modulation frequency was between 0.1% 
and 5% and presented at 0.5 kHz and 2 kHz. Individuals indicated whether their pitch percept 
was stable (not modulated) or unstable (modulated). The outcomes of DLF and gap detection 
measurements were compared with those of normal hearing-individuals as well as patients 
with DFNA13 (COL11A2) 9 and DFNA8/12 (TECTA).21 Both DFNA13 and DFNA8/12 are previously 
suggested to be intra-cochlear conductive hearing impairments. Speech perception in noise 
was obtained in a soundfield and measured with short, common Dutch sentences.24 The speech 
reception threshold (SRT) was measured and expressed as a signal-to-noise ratio against normal 
hearing individuals (ΔS/N). Speech perception in noise outcomes were compared with those of 
DFNA8/12 21, DFNA13 9 and presbyacusis patients.25 All statistical analyses were performed in 
Graphpad Prism 5 (Graphpad, San Diego, CA, USA).  
results
Family members
For both families, a three-generation pedigree was established (Figure 2). Affected family 
members reported bilateral, slowly progressive hearing impairment. In the first family, four of 
the affected family members were diagnosed with joint osteoarthritis. Facial features included 
a flat midface, depressed nasal bridge, short upturned nose and protruding eyes. Individuals 
E and F were born with Pierre-Robin sequence, and individual D was born with a submucosal 
cleft. Individual E also reported bilateral mastoidectomy because of chronic otitis media. 
Otoscopy showed a perforation of the tympanic membrane of the right ear in individual E. In 
the second family, individuals G, H and I were diagnosed with osteoarthritis of the knees. Mild 
facial features, such as a flat midface and depressed nasal bridge, were also present. Individual 
J was born with Pierre-Robin sequence. Otoscopy in this family showed no abnormalities. 
Patient I reported one episode of vertigo in 2008. Vestibular examination at that time showed no 
abnormalities. None of the other individuals in either family had vertigo. Vestibular examination 
was not performed in this study. None of the patients reported ophthalmologic symptoms, 
despite some mild myopia.
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Genetic analyses
The results of COL11A2 mutation analysis in the first family were published in 1994.5 The second 
family carries a novel heterozygous c.3659G>A (p.Gly1220Asp) mutation in COL11A2. This 
mutation changes one of the invariant glycine residues in the coiled domain of the protein and is 
therefore predicted to be pathogenic. In addition, this mutation segregates with the phenotype 
in this family, further supporting the causal nature of the relationship.
Pure tone audiometry
In general, family 1 and 2 displayed symmetric audiograms in the left and right ear, with the 
exception of individual D, who underwent a myringoplasty of the right ear, and individual E, 
who had a perforation of the right tympanic membrane. Individual J only showed sensorineural 
hearing loss of the right ear. The pure tone audiograms of the best hearing ears of each of 
the ten affected individuals are shown in Figure 3, except for individual J, for whom only the 
audiogram of the affected ear is shown. There was no uniformity in audiogram shape (Figure 
3). In most cases, a high-frequency, down-sloping hearing impairment was observed. Two 
individuals, A and B, showed a fairly flat audiogram configuration. Individuals D, E, F, G and H 
showed a dip in the mid-frequencies. This type of audiogram configuration is also observed in 
patients with DFNA8/12 26, DFNA13 10 and DFNB21 27 and is referred to as a ‘U-shaped’ or ‘cookie-
bite’ audiogram. Individuals F and J reported hearing impairment as early as the age of four and 
five; some family members only noticed hearing loss after the age of 20. The two presented 
families showed an inter- and intra-familial variability in the degree of hearing impairment, a 
phenomenon more often observed in autosomal dominant hearing impairment. The degree 
of sensorineural hearing impairment, although variable, was generally mild to moderate, with 
individual F having the most severe hearing loss.
Longitudinal analysis of sensorineural hearing threshold in relation to age
Sufficient serial audiograms for longitudinal analysis were available in seven cases (Figure 4). 
Each symbol represents a different family member. Due to the intra-familial variability (see Figure 
3), cross-sectional regression analysis was considered not to be useful.
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Figure 3. Audiograms from ten non-ocular Stickler patients at different ages. Audiograms of the best hearing 
ear are shown (except for individual J) and ordered by family and age of last completed audiogram. The air 
conduction level is shown, unless an air-bone gap was present, in which case the bone conduction level is 
plotted.
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Figure 4. Longitudinal individual measurements for individuals A, B, D, E, F, G and H with individual linear 
regression lines (solid lines) are shown for each frequency separately.
Individual E showed significant progression for all frequencies but 0.25 kHz, while individual G 
showed significant progression at only 2 kHz. The other individual linear regression lines showed 
no significant progression. There tended to be more progression at high frequencies than at 
low frequencies. However, the collected data showed that hearing thresholds were largely 
independent of age. The mean thresholds covering all ages were calculated for family 1 and 2 
and are shown in figure 5. The mean audiograms of both families are similar in configuration and 
in the degree of hearing impairment.  
Figure 5. Mean thresholds with standard deviation for family 1 (a) and 2 (b). 
Speech recognition
Speech recognition was well preserved in the affected individuals. Individual J did not undergo 
speech recognition audiometry. The maximum phoneme scores against the PTA
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average) of nine of the affected individuals are shown in figure 6. The best-fitted line is indicated, 
and the best-fitted line for patients with presbyacusis 20 is included for comparison.
Figure 6. Phoneme recognition scores plotted against PTA
1,2,4 kHz
. The solid lines represent the linear 
regression line fitted to these measurements. The dotted curves represent the P50 line for patients with 
presbyacusis.
On average, the maximum phoneme scores of the presented individuals were better than those 
of presbyacusis patients with similar levels of hearing impairment. Figure 7 shows the ΔS/N. 
Due to technical restrictions, the speech in noise measurement could not be carried out at a 
sufficiently loud presentation level for individual F, owing to her severe hearing loss. The average 
ΔS/N ratio in the non-ocular Stickler patients was better than that in presbyacusis patients.
Figure 7. Average and individual ΔS/N ratio for non-ocular Stickler patients are shown; the results for DFNA13 
9, DFNA8/12 21 and presbyacusis 25 patients are provided for comparison. Standard deviations are indicated. 
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Additional audiological measurements
Loudness growth measurements at 0.5 kHz and 2 kHz are shown in Figure 8a and b, respectively. 
The loudness perception of individuals with normal hearing (dashed straight line) is shown as 
a reference.23 Several regression lines run relatively parallel to the reference line, suggestive of 
conductive hearing loss. Individuals A, B, G and I showed steeper loudness growth at 0.5 kHz. 
At 2 kHz, individuals A, B, G, H and I showed steeper loudness growth than normal hearing 
individuals. Steep curves are commonly associated with sensorineural hearing impairment.28
Figure 8. Loudness growth functions obtained with a 7-point categorical scale at 0.5 kHz (a) and 2 kHz (b). 
Solid lines represent regression lines of individual patient results. The dashed line represents the reference 
curve for normal hearing individuals.23 Regression lines with steeper loudness growth functions than 
observed in normal hearing individuals are indicated (individuals A, B, G, H and I).
Figure 9 shows the results of gap detection measured with unfiltered white noise and 2 kHz 
filtered white noise in each individual and the group average. Measurements with 0.5 kHz 
filtered white noise showed wide variability between individuals as well as within individuals; 
these data were therefore omitted. Reference data from patients with DFNA8/12, DFNA13 
and individuals with normal hearing are shown. Using white noise stimuli, individuals A and D 
showed the best results, comparable with normal hearing individuals and DFNA 8/12 patients. 
At 2 kHz, the results of individuals A, E and H were similar to those of normal hearing individuals 
and DFNA8/12 patients. Individual B showed a significantly poorer result compared to the other 
non-ocular Stickler patients. The average mean gap detection of non-ocular Stickler patients was 
similar to that of DFNA13 patients. 
Figure 10 shows the individual DLF results and the group average at 0.5 kHz and 2 kHz. Data from 
DFNA8/12, DFNA13 patients and normal hearing individuals are also presented for comparison. 
For individual F, it was not possible to measure DLF at 0.5 kHz reliably; that result has been 
omitted. The presented patients scored poorly on the DLF at 0.5 kHz compared to the reference 
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groups. The average DLF of non-ocular Stickler patients at 2 kHz most closely resembled that of 
DFNA8/12 patients.
Figure 9. Gap detection with unfiltered white noise and 2 kHz filtered white noise. Individual and average 
results from non-ocular Stickler patients are shown, with results for DFNA8/12 21, DFNA13 patients and 
normal hearing individuals 9 provided for comparison. The standard deviations are indicated.
Figure 10. DLF with frequency-modulated 0.5 kHz and 2 kHz pure tone stimuli. Individual and average results 
from non-ocular Stickler patients are shown, with results for DFNA8/12 21, DFNA13 patients and normal 
hearing individuals 9 provided for comparison. The standard deviations are indicated.
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disCussion
COL11A2 is expressed in the tectorial membrane
Mc Guirt et al. suggested a role for COL11A2 in the tectorial membrane.11 α-tectorin is a tectorial 
component that may interact with COL11A2 and collagen fibrils. Mc Guirt et al. reported 
a disorganized pattern of collagen fibrils throughout the tectorial membrane of COL11A2 
knockout mice. They found no detectable differences in the inner and outer hair cells, non-
sensory epithelial cells, organ of Corti, neural structures or stria vascularis. Previous reports 
have suggested that TECTA-based hearing impairment might have a “protective” effect against 
presbyacusis 29; patients are generally exposed to lower-than-usual levels of sound energy at the 
organ of Corti, and thus may be protected from the loud noises that typically cause presbyacusis. 
Because COL11A2 is expressed in the tectorial membrane, we attempted to substantiate this 
affect in the reported families. Therefore, we corrected the individual thresholds at each 
frequency for the median (P50) threshold indicated by ISO7029. Linear regression analysis 
showed mainly negative slopes after correction. The linear regression analyses showed 
significantly negative slopes at 1 kHz, 2 kHz, 4 kHz and 8 kHz for individual B and at 2 kHz for 
individual D (data not shown). Although this suggests a possible mechanism of protection from 
presbyacusis, individuals B and D were the only persons that showed significantly negative 
slopes after correction for presbyacusis. Some individuals with limited hearing impairment began 
complaining of hearing impairment at a more advanced age. Individual linear regression analysis 
in those individuals was therefore restricted by a limited age range. Additional longitudinal data 
collected at younger ages might have enabled the identification of significant negative slopes in 
presbyacusis-corrected plots that are suggestive of protection from loud noises as a feature of 
presbyacusis.
Additional audiological measurements
The degree of sensorineural hearing impairment in the studied families is more variable than 
in DFNA8/12 and DFNA13, which are the reference groups for the present psychophysical 
experiments. To make our patient group more homogenous and therefore better comparable 
to the reference groups, we created a subgroup that included only the patients with hearing 
thresholds between 40 dB and 65 dB. All patients in the reference groups met this criterion. 
However, the average results for this more homogenous subgroup and the group including all 
non-ocular Stickler patients were similar. Non-ocular Stickler patients showed better maximum 
phoneme scores than presbyacusis patients at similar PTA levels (Figure 6). The average ΔS/N 
ratio of the non-ocular Stickler patients was also better than that of the presbyacusis patients 
(Figure 7). These observations seem to support the existence of intra-cochlear conductive 
hearing impairment in the present patients. The slopes of the loudness growth curves at           
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0.5 kHz and 2 kHz (Figure 8) for several individuals were comparable to those for normal hearing 
individuals. A similar parallel shift is also encountered in DFNA8/12 and DFNA13 patients and is 
characteristic of conductive hearing loss. Individuals A, B, G and I showed steeper curves at 0.5 
kHz and 2 kHz than normal hearing individuals. Individual H showed steeper loudness growth 
curves only at 2 kHz. As illustrated in figure 3, these individuals (A, B, G, H and I) did not show 
more severe hearing impairments compared with the other patients. This type of recruitment 
resembled the loudness growth findings in sensorineural hearing loss.28 Individuals A, B and G 
were the oldest individuals tested (Figure 3); this phenomenon can most likely be attributed to 
the additional effects of presbyacusis in these patients. 
We conclude that hearing impairment in non-ocular Stickler syndrome is characterized by non-
progressive childhood-onset hearing loss, mostly mild to moderate in severity. Several different 
audiogram configurations are shown. The results of additional audiological tests in non-ocular 
Stickler patients resembled those of DFNA8/12 and DFNA13 patients 9,21, supporting the 
previously suggested existence of intra-cochlear conductive hearing impairment in the present 
patients. This is in line with the theory that COL11A2 mutation causes pathological changes in 
the structure of the tectorial membrane. 
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aBstraCt
We present the case of a Dutch family with a mutation (c523_528dup) in GATA3 causing HDR 
syndrome. HDR syndrome is characterised by hypoparathyroidism, deafness and renal defects. 
In this study, we describe the audiometric characteristics of five patients from this family. Their 
hearing impairment was congenital, bilateral and symmetric. Audiograms showed mild to 
moderate hearing impairment with a flat audiogram configuration. Higher frequencies tended to 
be more affected. Cross-sectional analyses showed no progression, and a mean audiogram was 
established. Psychophysical measurements in three HDR patients, including speech perception 
in noise, loudness scaling, gap detection and difference limen for frequency, were obtained 
to assess hearing function in greater detail. Overall, results of psychophysical measurements 
indicated characteristics of outer hair cell loss. CT scanning showed no anomalies in three of 
the HDR patients. Although two patients displayed vestibular symptoms, no anomalies of the 
vestibular system were found in vestibulo-ocular examination. Our results are in agreement with 
the theory that outer hair cell malfunctioning can play a major role in HDR syndrome. 
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introduCtion
HDR syndrome is an autosomal dominant condition defined by hypoparathyroidism, deafness 
and renal defects.1-4 HDR syndrome is also known as Barakat syndrome. The exact prevalence 
of HDR syndrome is unknown, but it is a very rare syndrome. HDR syndrome is caused by a 
mutation in GATA3, a zinc finger transcription factor that is essential for proper development 
of several tissues and organs during embryogenesis.1,5 HDR syndrome causes a variety of renal 
anomalies, such as cystic kidney, renal dysplasia and vesicoureteral reflux. In the inner ear, GATA3 
is expressed in various cell types that appear during ontogenesis: outer hair cells, inner hair 
cells and various supporting cells.6-9 Several murine studies have been performed to evaluate 
the effects of GATA3 on the morphogenesis of the inner ear. Lim et al. showed that a GATA3 null 
mutation resulted in early mortality in mice, but catecholamine precursor administration could 
rescue GATA3 null mutants for several days.10 Duncan et al. showed that the GATA3-mutant inner 
ears of these rescued mice could undergo partial morphogenesis and develop endolymphatic 
ducts, utricular and saccular recesses and shortened cochlear ducts. While a cochlear duct 
could form, there was no concurrent cochlear neurosensory development.11 A study by 
Haugas et al. showed variable severity of affected ears in GATA3-deficient mice. In the severely 
affected ears, an empty cavity was formed without any distinguishable otic compartments or 
morphologically distinct sensory organs. In the less severe cases, distinct utricular, saccular and 
cochlear compartments were present, and hair cells could be detected in the vestibular sensory 
epithelium.12 Van der Wees et al. indicated that the cochleae of GATA3-knockout mice showed 
significant progressive morphological degeneration, starting with the outer hair cells. Ultimately, 
all of the hair cells and supporting cells in the cochlea were affected.13 These results provided 
evidence that GATA3 plays a role in normal vestibular and cochlear morphogenesis and is 
especially important for cochlear sensory differentiation. 
Few studies reporting on hearing impairment in HDR syndrome, in individual patients or families, 
have been published. HDR patients have shown both symmetric and asymmetric sensorineural 
hearing impairment, with severities ranging from moderate to profound. The higher frequencies 
were more often affected than the lower frequencies. Table 1 presents a review of the 
audiological data published on HDR syndrome.2-4,14-20 In addition, van Looij et al. tested speech 
perception in conditions of noise in two HDR patients and reported poor results.15
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table 1. Literature review of HDR patients and their audiological characteristics
author Number of 
Patients
Age of onset Sensorineural Hearing Impairment threshold
Bilous et al. 4  (related) Not reported Bilateral symmetric, non-progressive 40-80 dB
Fujimoto et al. 1 7 years Bilateral 40-50 dB
Hasegawa et al. 1 Not reported Bilateral, symmetric, non-progressive 90-100 dB
Hernandez et al. 2  (related) 6 and 8 years Bilateral, symmetric,  non-progressive 40-80 dB
Lichtener et al. 2 Not reported Bilateral 50-80 dB
Van Looij et al. 2 8 years Bilateral, symmetric, progressive 40-60 dB
Muroya et al. 10 (2 related) From 5 months 
to 27 years
Unilateral and bilateral 30-105 dB
Moldovan et al. 1 Early childhood Bilateral, mild Not reported
Nakamura et al. 5 From 1 month 
to 13 years
Bilateral, symmetric 40-100 dB
Zahirieh et al. 1 childhood Bilateral high frequency Not reported
In this study, we focused on the audiometric phenotypes and effects of the disease gene on 
hearing function in HDR syndrome. An extended set of audiological tests was performed in a 
family with HDR syndrome. To our knowledge, this is the largest family with HDR syndrome that 
has been reported with hearing impairment. Furthermore, this is the first time that this set of 
psychophysical measurements was performed in patients with HDR syndrome. In addition, the 
cochlear anatomy and vestibular function were evaluated by CT scanning and vestibular testing. 
Greater knowledge of hearing impairment in this syndrome will lead to improvements in genetic 
counselling and will provide insight into the pathophysiology of hearing in HDR syndrome. 
patients and metHods
Patients
Five patients, from one family with HDR syndrome, agreed to participate in this study. A 
simplified pedigree is shown in figure 1. 
Figure 1. Simplified pedigrees. Square, male; circle, female; open symbol, unaffected; solid symbol, affected. 
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After informed consent was obtained, otorhinolaryngologic examinations were performed. 
Nephrologic, neurologic, endocrinologic and other medical information was obtained, and 
previous audiograms were retrieved. This study is approved by the local medical ethical 
committee. 
Genetic analyses
Genomic DNA was isolated from the white blood cells of 10 ml of EDTA blood using standard 
methodology. The coding exons of  GATA3 were amplified from genomic DNA using specific 
primers (sequences available on request) and were analysed with a Life Sciences 3130 sequencer 
(Krimpen aan de IJssel, the Netherlands) after a sequencing reaction with the BigDyeTerminator 
kit (Life Sciences). Comparison to the reference sequence (NM_001002296.1) was performed 
using SeqPilot software from JSI (Germany). The family members were only analysed for the exon 
containing the familial mutation.
Audiometry and data analysis
Pure tone audiograms were obtained at the Radboud University Nijmegen Medical Centre, 
according to the usual clinical standards. Air conduction and bone conduction thresholds were 
measured at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz and 8 kHz. 
The audiometric data were analysed using the data pertaining to the affected individuals 
of the present family. Because symmetrical hearing impairment was found in all five of the 
patients, mean thresholds were used in the longitudinal and cross-sectional analyses. Cross-
sectional analysis was performed using only the threshold of the last completed audiogram for 
each patient. The longitudinal analysis included all previously obtained audiograms and was 
performed for individuals I:1, II:2 and II:4. Linear regression analysis was performed of the cross-
sectional and longitudinal data to evaluate the progression of hearing impairment. Progression 
was considered to be significant if p<0.05. Given the absence of significant progression (Results), 
a mean audiogram including the 95% confidence interval was established, using only the last 
obtained audiogram of each individual. 
Speech recognition
Speech audiometry was performed in individuals I:1, II:2, II:4 and III:3, using standard Dutch 
word lists. Speech audiometry could not be measured reliably in individual III:2 and was 
therefore omitted. The scores were based on correct phoneme recognition. The maximum 
phoneme scores were plotted against age and against the pure tone average for 1 kHz, 2 kHz and 
4 kHz (data not shown). Cross-sectional analysis was performed using linear regression analysis,  
the average slope was called  the deterioration rate. These plots were compared to similar 
plots obtained previously at our clinic in a group of patients with presbyacusis 21 and Usher2A 
syndrome.22 
Chapter 346
Speech perception in noise was assessed in individuals I:1, II:2 and II:4 with headphones on the 
ear with best hearing, and it was measured with short, everyday Dutch sentences.23 The speech 
reception threshold (SRT) was measured and expressed as a signal-to-noise ratio (S/N). The S/N 
ratio was subtracted from the S/N ratio of normal hearing individuals (ΔS/N). The outcomes of 
speech perception in noise were compared to those of patients with presbyacusis 24, to Usher2A 
patients 25 and to two previously published HDR patients.15
Psychophysical measurements
Furthermore, psychophysical measurements were obtained in patients I:1, II:2 and II:4. Due to 
their young ages, patients III:2 and III:3 did not participate in the set of extended audiological 
tests. These psychophysical measurements included loudness scaling, gap detection and 
difference limen for frequency (DLF), as described previously by Plantinga et al.26 Loudness 
scaling was performed at 0.5 kHz and 2 kHz on the ear with best hearing, using a 7-point 
categorical scale.27 Excluding categories 1 (inaudible) and 7 (too loud), linear regression lines 
were determined. The outcomes were compared with those of normal hearing individuals. Gap 
detection and DLF were performed at the patient’s most comfortable listening level on the better 
hearing ear, with headphones. Gap detection was measured with unfiltered white noise and 
with 0.5 kHz and 2 kHz filtered white noise. DLF discrimination was measured with frequency-
modulated pure tones. The range of frequency modulation was between 0.1% and 5% and 
was presented at 0.5 kHz and 2 kHz. The individuals indicated whether their pitch perception 
was stable (not modulated) or unstable (modulated). The DLF and gap detection results were 
compared with outcomes from normal hearing individuals 28 and Usher2A patients.25 The results 
of psychophysical measurements in Usher2A patients were previously suggested to be most 
similar to those of patients with sensorineural hearing impairment caused by outer hair cell 
defects.25,29,30 All of the statistical analyses were performed using Prism 5 (Graphpad, San Diego, 
CA, USA).
Vestibulo-ocular examination and data analysis
Vestibular testing was performed in patients I:1, II:2 and II:4. Patients III:2 and III:3 were too 
young to participate in vestibular testing. The vestibular and ocular motor tests included 
evaluation of the vestibulo-ocular reflex, using electronystagmography with computer analysis, 
and evaluation of saccadic, smooth pursuit and optokinetic nystagmus responses. Vestibular 
stimulation consisted of rotatory and caloric tests. 
Computed tomography (Ct) scanning
A CT scan of the temporal bone of the left and right ear was performed in patients I:1, II:2 and 
II:4 to evaluate the anatomy of the inner ear in HDR syndrome. The scan was performed without 
contrast and with a slice thickness of 0.5 mm.
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results
Patients
Figure 1 shows a simplified, three-generation pedigree of the present family. The five affected 
individuals reported congenital, non-progressive, bilateral hearing impairment. No other 
causes of hearing impairment were found. Intelligence testing was administered earlier in all 
five patients, with normal outcomes. All five patients had used hearing aids since childhood. 
Otorhinolaryngological examination showed no anomalies in any of the patients. The medical 
histories of other organ systems included a cyst of the right kidney in patient I:1. Furthermore, 
patients II:2 and II:4 were diagnosed with unilateral small kidneys, and patient III:3 was treated 
for vesicoureteral reflux. Hypoparathyroidism was reported in all five of the affected family 
members. 
Genetic analysis
In the index patient, a novel pathogenic mutation in the GATA3 gene was identified: 
c523_528dup (p.Gln178ProfsX19). This mutation has not been described before, and it is likely 
to lead to nonsense-mediated decay of the mRNA and thus haploinsufficiency. All five affected 
family members were tested and had the same GATA3 mutation.
Pure tone audiometry
All five family members displayed sensorineural hearing impairment and symmetrical 
audiograms. The mean thresholds are shown in Figure 2. All of the patients displayed a 
predominantly flat audiogram configuration, with gentle down-sloping towards the higher 
frequencies. All five patients showed moderate hearing impairment.
Non-progressive hearing impairment
Cross-sectional analysis showed no significant progression of hearing impairment at any 
frequency (Figure 3, dotted line). Sufficient serial audiograms for longitudinal analysis were 
available for patient I:1, II:2 and II:4 (Figure 3, solid lines). Each symbol represents a different 
patient. Longitudinal analysis for individuals III:2 and III:3 were not obtained since the outcome 
can be questionable because of their young age and short follow-up.  Patient I:1 showed 
significant progression of hearing impairment at all frequencies, and patient II:2 showed 
progression at frequencies from 0.25 kHz to 4 kHz. Patients II:4 exhibited no progression of 
hearing impairment in the longitudinal analysis. When corrected for presbyacusis 31, individual 
I:1 only showed significant progression at frequencies from 0.25 kHz to 2 kHz (data not shown). 
Overall, the present family showed no significant progression of hearing impairment. A mean 
audiogram, with 95% confidence interval, was established for this family (Figure 4). The mean 
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audiogram showed moderate hearing impairment with a mainly flat audiogram configuration. 
The higher frequencies tended to be more affected. 
Figure 2. Audiograms of all five patients at different ages. Binaural mean thresholds are shown and ordered 
by age of last completed audiogram.
Figure 3. Cross-sectional and longitudinal analyses at different frequencies. The dotted line indicates the 
regression line of the cross-sectional analysis. Longitudinal individual measurements with individual linear 
regression lines (solid lines) are shown for each frequency. The symbols for each patient are indicated on the 
right. 
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Figure 4. Mean thresholds audiogram. The 95% confidence interval is also indicated.
Speech recognition
Speech recognition was well preserved in the present family. The results were compared with 
those of presbyacusis patients 21 and Usher2A patients.22 A  deterioration rate of 0.2% / year  
for HDR patients was established. In  Usher2A patients this deterioration rate is 0.4% / year.  
However, when the data for individual III:3 was omitted, the deterioration rate for HDR patients 
showed to be 0.3% / year. Individual III:3 was very young by the time of measurements so this 
limitation should be taken into account when the results are interpreted.  Since the oldest HDR 
patient in the present family was 56 years, no deterioration rate comparison with presbyacusis 
was made. Nevertheless, HDR patients showed fairly similar speech scores relative to the level of 
hearing impairment in presbyacusis patients. 
Figure 5 shows the ΔS/N of individuals I:1, II:2 and II:4. The average results of Usher2A patients, 
presbyacusis patients and two previously published HDR patients are also displayed for 
comparison.15,21,25 A high bar indicates a poor SRT in conditions of noise. HDR patients showed 
better results than Usher2A and presybacusis patients, with patient II:2 having the best results. 
All three patients displayed better speech perception in noise outcomes than measured in the 
two previously published HDR patients. 
Additional audiological measurements
Loudness growth measurements at 0.5 kHz and 2 kHz are shown in Figures 6a and b, 
respectively. The loudness perception of individuals with normal hearing (dashed straight line) 
is shown as a reference.25 Only patient I:1 showed a parallel shift at 0.5 kHz compared to normal 
hearing individuals. The other regression lines displayed steeper curves compared to normal 
hearing individuals. Steep curves are associated with sensorineural hearing impairment.32
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Figure 5. individual ΔS/N for the present HDR patients are shown, as well as the average results with 
standard deviations for Usher2A 25 and presbyacusis patients.24 The individual results of two HDR patients 
published by van Looij et al. 15 are also presented. Standard deviations are indicated.
Figure 6. Loudness growth functions obtained with a 7-point categorical scale at 0.5 kHz (a) and 2 kHz (b). 
Solid lines represent regression lines of individual patient results. The dashed line represents the reference 
curve for normal hearing individuals.25 Each line represents a patient, as indicated at the bottoms of the lines.
 
Figure 7 shows the results of gap detection measured with unfiltered white noise and with 0.5 
kHz and 2 kHz filtered white noise in each individual. The reference data from patients with 
Usher2A and individuals with normal hearing are displayed. In response to 0.5 kHz stimuli, 
the performances of all three patients were poorer than those of normal hearing individuals. 
In response to 2 kHz stimuli, patients II:.2 and II:4 displayed similar results to normal hearing 
individuals. As for the white noise stimuli, all three patients performed more poorly than normal 
hearing individuals. 
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Figure 7. Gap detection with unfiltered white noise, 0.5 kHz and 2 kHz filtered white noise. Individual results 
from HDR patients are shown, and average results of Usher2A patients 25 individuals with normal hearing 28 
are provided for comparison. The standard deviations are indicated. 
Figure 8 shows the individual DLF results at 0.5 kHz and 2 kHz. In patient I:1, it was not possible 
to measure DLF reliably, so that result was omitted. The data from Usher2A patients and normal 
hearing individuals are also presented for comparison. The performances of both HDR patient 
were poorer compared to normal hearing individuals. Nevertheless, the two HDR patients 
seemed to display somewhat better results when compared to Usher2A patients. 
Figure 8. DLF with frequency-modulated 0.5 kHz and 2 kHz pure tone stimuli. Individual results from HDR 
patients are shown, and average results for Usher2A patients 25 and individuals with normal hearing 28 are 
provided for comparison. The standard deviations are indicated.
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Vestibulo-ocular examination
Variable vestibular symptoms were reported by patients II:2 and II:4, including episodes of 
dizziness and instability. The evaluation of vestibular function in patients I:1 and II:4 revealed 
no abnormalities. Patient II:2 showed some hyperreactivity of the vestibular system at age 30. 
Nevertheless, no anomalies of the vestibular system were found that could explain the vestibular 
symptoms in patients II:2 and II:4. 
Ct scans
No abnormalities, and particularly no inner ear abnormalities, were found on the CT scans of the 
temporal bone in patients I:1, II:2 and II:4. 
disCussion
Hearing impairment in HDR syndrome has generally been described as mild to profound, bilateral 
and symmetrical (see Table 1). The present patients displayed a mild to moderate, bilateral 
and symmetrical type of hearing impairment. Furthermore, their hearing impairment showed 
a flat audiogram configuration, with gentle down-sloping at the higher frequencies, and the 
impairment was congenital and non-progressive. Patients III:2 and III:3 displayed some negative 
slopes of the regression lines in the longitudinal analyses. This finding could be explained by 
them being very young (1 to 4 years old) at the time of the measurements. Pure tone and speech 
audiometry measurements at young ages are more difficult to attain because of a possible lack 
of concentration in children. This limitation should be taken into account when the results of 
these two patients are interpreted. 
individual I:1 showed significant progression at frequencies from 0.25 kHz to 2 kHz  after 
correction for presbyacusis. However, cross-sectional analyses showed no significant progression. 
The majority of studies describe non-progressive hearing impairment in HDR patients (see 
table 1). Van Looij et al. described one HDR patient with a possible progressive hearing loss.15 
Nevertheless, no longitudinal data analyses had been performed. 
The present HDR patients showed speech scores that were fairly similar to those of presbyacusis 
patients at similar levels of hearing impairment. Moreover, the deterioration rate in HDR patients 
was fairly similar to that of Usher2A patients. The present HDR patients displayed somewhat 
better speech perception results in noise than presbyacusis patients, Usher2A patients and the 
two HDR patients described previously by Van Looij et al. (Figure 5). The latter two HDR patients 
showed similar hearing thresholds to those of the present family. Different measurement set-ups 
might explain the differences in outcomes. In contrast to the present patients, the patients with 
presbyacusis and Usher2A displayed predominantly high frequency hearing loss, instead of flat 
hearing loss. We did not compensate for the related high-frequency audibility issue, which might 
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have led to the relatively poor speech in noise scores for the Usher2A and presbyacusis patients. 
The loudness growth (Figure 6) measurements in the present patients showed steeper regression 
lines than those of normal hearing individuals, indicating sensorineural hearing impairment.32 
This type of recruitment was also displayed in Usher2A patients.25 Only one parallel regression 
line was displayed, in patient I:1 at 0.5 kHz, and the reason for this finding remains unclear 
and could have been coincidental. Parallel regression lines are associated with intra-cochlear 
conductive hearing impairment.26,28 In all three patients, gap detection was easier with unfiltered 
white noise and with 2 kHz band-filtered white noise than with 0.5 kHz band-filtered white noise. 
This phenomenon was also observed in Usher2A patients. The DLF measurements seemed to 
show somewhat better results in the two HDR patients compared to the results obtained in 
Usher2A patients. We conclude that, overall, the psychophysical measurements in HDR patients 
showed similarities to those in Usher2A patients. This conclusion is in agreement with the theory 
that outer hair cell malfunctioning can play a major role in hearing loss in HDR patients.13,33 
One weakness of this study is the small number of patients measured. Although HDR is a rare 
syndrome, psychophysical measurements in a larger number of HDR patients are recommended 
to substantiate our findings that, functionally, HDR patients display characteristics of hair cell 
loss, similar to Usher2A and presbyacusis patients. 
Several murine studies have indicated a role for GATA3 in the development of the cochlea and 
of the vestibular system.11,12 However, CT-scanning in three HDR patients showed no anomalies. 
Vestibular testing showed hyperreactivity in one HDR patient. It should be mentioned that 
vestibulo-ocular examination only measures one division of the vestibular system. The vestibular 
symptoms in the present HDR patients might be explained by other divisions of the vestibular 
system.
ConClusion
We have described a family of five patients with a new mutation in GATA3 causing HDR 
syndrome. The present HDR patients showed congenital, sensorineural, symmetric, mild to 
moderate, non-progressive hearing impairment. No anomalies were found on CT-scans. Although 
two patients displayed vestibular symptoms, no significant anomalies of the vestibular system 
were found in vestibulo-ocular examination. The results from psychophysical measurements 
suggest characteristics of hair cell loss in HDR patients. This finding is in agreement with the 
theory that outer hair cell malfunctioning can play a major role in hearing loss in HDR syndrome. 
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aBstraCt
Objective 
Mutations in EYA4 can cause nonsyndromic autosomal dominant sensorineural hearing 
impairment (DFNA10) or a syndromic variant with hearing impairment and dilated 
cardiomyopathy. A mutation in EYA4 was found in a Dutch family, causing DFNA10. This study is 
focused on characterizing the hearing impairment in this family.
Design 
Whole exome sequencing was performed in the proband. Additionally, peripheral blood 
samples were collected from 23 family members, and segregation analyses were performed.  All 
participants underwent otorhinolaryngological examinations and pure-tone audiometry, and 
12 participants underwent speech audiometry. Additionally, an extended set of audiometric 
measurements was performed in five family members to evaluate the functional status of the 
cochlea. Vestibular testing was performed in three family members.  Two individuals underwent 
echocardiography to evaluate the nonsyndromic phenotype.
results 
We present a Dutch family with a truncating mutation in EYA4 causing a mid-frequency hearing 
impairment. This mutation (c.464del) leads to a frameshift and a premature stop codon 
(p.Pro155fsX). Additionally, a missense mutation, predicted to be deleterious, was found in 
EYA4 in two family members. Echocardiography in two family members revealed no signs 
of dilated cardiomyopathy. Vestibulo-ocular examination in three family members showed 
no abnormalities. Hearing impairment was found to be symmetric and progressive, with a 
predominantly childhood onset. Furthermore, an extended set of audiometric measurements 
was performed in five family members. The results were comparable to those obtained in 
patients with other sensory types of hearing impairments, such as patients with Usher syndrome 
type 2A and presbyacusis, and not to those obtained in patients with (cochlear) conductive types 
of hearing impairment, such as DFNA8/12 and DFNA13.
Conclusion
The mid-frequency hearing impairment in the present family was found to be symmetric and 
progressive, with a predominantly childhood onset. The results of psychophysical measurements 
revealed similarities to other conditions involving a sensory type of hearing impairment, such 
as Usher syndrome type 2A and presbyacusis. Our results indicate that EYA4 is expressed in the 
sensory cells of the cochlea. This phenotypic description will facilitate counseling for hearing 
impairment in DFNA10 patients. 
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introduCtion
Nonsyndromic autosomal dominant sensorineural hearing impairment is genetically 
heterogeneous, with 64 distinct loci that have been mapped.1 DFNA10 is one of these loci 
and has been mapped to chromosome 6q23. Wayne et al. identified ‘eyes absent 4’ (EYA4), 
a member of the vertebrate Eya family of transcriptional activators, as the causative gene for 
DFNA10. These authors described two different mutations in EYA4 in two unrelated families 
from Belgium and the US that segregated with sensorineural hearing impairment (SNHI).2 
These families were previously studied by Verhoeven et al.3 Thus far, seven families have been 
described with mutations in EYA4 that cause hearing impairment. Table 1 provides a review of 
these families.3-12 
table 1. Literature Review of Hearing Loss in Reported Families with Mutations in EYA4
Family Origin author Age of Onset Characteristics of SNHI Mutation in EYA4
1. American De leenheer et 
al. and o’neill 
et al. and 
verhoeven et al. 
1st-3rd decade Symmetric and asymmetric, 
variable audiogram 
configurations, moderate-
profound, non-progressive
Frameshift mutation
1468insAA in exon 14
2. Belgian Verstreken et al. 
and o’neill et al. 
Median of 30 
years
Symmetric and asymmetric, 
variable audiogram 
configurations, mild-
moderate, progressive
Premature stopcodon 
2200C>T in exon 20. 
3. American Makishima  
et al. and 
verhoeven et al.
2nd-4th decade Moderate-severe, 
progressive 
Frameshift mutation 
1490insAA 
In exon 12
4. Australian Hildebrand et al. 6-30 years Mild-moderate Frameshift mutation 
1282-12T>A
5. Hungarian Pfister et al. Not reported Not reported (same as family 
3)
Frameshift mutation
1558insTTTG in exon 13
6. Unknown Schönberger 
et al. 
2nd decade Moderate – profound, 
symmetric
Frameshift mutation
Exon 9 and 10
7. Korea Jeong-In Baek 
et al. 
Not reported Moderate, reverse U-shaped 
configuration
Nonsense mutation
P.S288X in Exon 11
Variable audiogram configurations are described; nevertheless, a flat configuration is reported 
in a majority of the cases. Furthermore, most families display a moderate hearing impairment. 
In addition, the family reported by Schönberger et al. showed dilated cardiomyopathy (DCM) as 
a characteristic feature, suggesting a syndrome with linkage to a locus overlapping the DFNA10 
locus..10 In 2005, Schönberger et al. confirmed that EYA4 has a role in cardiac muscle by assessing 
the effects of attenuated EYA4 expression in zebrafish. These authors suggested that truncations 
affecting only the eya domain of the protein cause SNHI alone, whereas truncations affecting 
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the more N-terminal variable region of the protein lead to SNHI and DCM.11  Makishima et al. 
performed cardiac evaluation including electrocardiography, echocardiography and cardiac MRI 
in 9 individuals of a family with an EYA4 mutation (c.1490insAA), but found no evidence for DCM. 
The c.1490insAA allele is predicted to encode a truncated protein with an intact N-terminal 
variable region.6 Makishima et al. also proposed a correlation between the position of the EYA4 
mutation and the presence or absence of DCM. These authors suggested that mutations that 
truncate the C-terminal eya domain are associated with DFNA10 hearing loss and a normal 
cardiac phenotype, whereas mutations that truncate the N-terminal variable region result in 
hearing loss plus dilated cardiomyopathy. In the other reported families, DCM was not evaluated. 
The present family is the first family with a mutation in EYA4 in whom an extended set of 
audiometric measurements has been performed. Extended audiometric tests have been applied 
previously to enable categorization of cochlear hearing impairment into one of four different 
types. This categorization was introduced by Schuknecht and Gacek.13 Previously, using the 
extended test battery, we categorized a.o. Usher 2A syndrome as a sensory type of hearing 
impairment 14 and DFNA8/12 (TECTA) and DFNA13 (COL11A2) as (cochlear) conductive types 
of hearing impairment.15,16 Note that TECTA and COL11A2 are both expressed in the tectorial 
membrane, and they both cause mid-frequency hearing impairment.  
We present a Dutch family (W10-2345) with a mutation in EYA4 that causes mid-frequency 
hearing impairment. Cardiac evaluation was performed in two individuals to detect signs of 
DCM. Furthermore, a detailed description of the different hearing impairment phenotypes is 
important for counseling purposes and for gaining insight into the genetic disease. 
patients and metHods
Patients
The proband of a Dutch family (W10-2345, Figure 1) presented to our outpatient clinic for 
genetic counseling related to his progressive sensorineural hearing impairment. Based on 
family history and clinical presentation, mutations in the GJB2, GJB6, COL11A2 and TECTA genes 
were excluded. After informed consent had been obtained, whole exome sequencing (WES) 
was performed. In parallel, a family study was begun. A medical history was obtained from 
all participating individuals. Previous audiograms were obtained where possible, and other 
causes of acquired deafness were ruled out. All participants underwent otorhinolaryngological 
examinations and pure-tone audiometry. Twelve participants underwent speech audiometry. 
Peripheral blood samples were collected from 23 family members. In individuals III.3 and III.7, 
echocardiography was performed using a Philips IE33 to evaluate DCM. This study was approved 
by the Medical Ethics Committee of Radboud university medical center.
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WES and segregation analysis 
After informed consent was obtained, genomic DNA from individual IV.24 was extracted from 
lymphocytes according to standard procedures. Enrichment of the exome and sequencing were 
performed as described by Neveling et al.17  Both mutations were confirmed by means of Sanger 
sequencing in the proband as described by Schraders et al.18 Segregation of the deletion was 
examined by gene scan analysis as described 18 after amplification of exon 8 (primer sequences 
5’- tgtaaaacgacggccagt-3’ and 5’- caggaaacagctatgacc -3’) with standard PCR conditions.  Sanger 
sequencing of EYA4 was applied to III.15, III.16 and IV.25 to address segregation of the missense 
mutation p.Gly604Cys with hearing impairment. Exon 19 was amplified (primer sequences 5’- 
attgtttttcaggcaaggaaag - 3’ and 5’- gccaaactacagaaatgcaaac - 3’) with standard conditions for PCR. 
Prediction of the pathogenicity of the p.Gly604Cys substitution was performed using the online 
bioinformatic tools SIFT (http://sift.jcvi.org/), PolyPhen-2 (http://genetics.bwh.harvard.edu/
pph2/) and Condel (http://bg.upf.edu/fannsdb/).  
Audiometry and data analysis
Pure-tone audiometry was performed according to standard methods. Air conduction and 
bone conduction thresholds were measured at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz and 8 kHz. 
Individuals were considered affected if the best hearing ear showed at least three thresholds 
beyond the 95th percentile threshold values for presbyacusis.19  In the analyses of audiometric 
data, thresholds of all family members carrying the mutated EYA4 gene were included. Hearing 
impairment in the present family was symmetric; therefore, mean air conduction threshold 
values were calculated for each frequency, except for individual IV.13, for whom only the left 
ear was taken into account (see Results). Cross-sectional data were analyzed using the last 
completed audiogram. A linear regression line was fitted for each frequency, and the annual 
threshold deterioration (ATD) was the slope. In a separate analysis, we applied a correction 
for presbyacusis (i.e., threshold minus the P50 threshold as specified for men and women 
separately based on the ISO7029 standard for ages 20-70 years) for each audiogram.19 The last 
obtained audiograms were used to construct age-related typical audiograms (ARTA) according 
to a previously described method.20 A longitudinal analysis was performed for individuals with 
three or more available audiograms and an overall follow-up period of at least three years. Linear 
regression analysis was performed to evaluate individual progression in hearing impairment. 
Progression was significant if p<0.05. Statistical analyses were performed using Prism 5 
(Graphpad, San Diego, CA, USA).
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Speech audiometry
Speech audiometry was performed in twelve affected family members according to common 
clinical standards using phonetically balanced standard Dutch consonant-vocal-consonant 
word lists. Scores are based on correct recognition of the phonemes. The maximum phoneme 
score was obtained and analyzed in relation to the pure-tone average at the frequencies of 
1 kHz, 2 kHz, and 4 kHz (PTA
1,2,4 kHz
).  Cross-sectional analyses were performed using linear 
regression analyses. The onset level was defined at a recognition score of 90% in cross-sectional 
performance versus impairment plots. The average slope was the deterioration gradient. The 
results were compared to similar plots obtained previously at our clinic in a group of patients 
with presbyacusis.21 Speech perception in noise was obtained with headphones in individuals 
III.5, III.7, III.13, III.14 and IV.24 and measured with short, everyday Dutch sentences in the 
best hearing ear.22 The speech reception threshold (SRT) was measured and expressed as a 
signal-to-noise ratio against normal hearing individuals (ΔS/N). The results were compared to 
those obtained from patients with Usher syndrome type IIA (USH2A), presbyacusis patients and 
DFNA8/12 and DFNA13 patients.14-16,23
 
Psychophysical measurements
Psychophysical measurements were carried out in individuals III.5, III.7, III.13, III.14 and IV.24. 
These measurements included loudness scaling and gap detection, as described previously.16 
Loudness scaling was performed at 0.5 and 2 kHz in the best ear using a 7-point categorical scale 
24, excluding categories 1 (inaudible) and 7 (too loud). Individual and mean linear regression 
lines were determined. Outcomes were compared with those of normal hearing individuals. Gap 
detection tests were performed at the patient’s most comfortable listening level with the best 
hearing ear using headphones. Gap detection was measured with unfiltered white noise and 
with 0.5 kHz and 2 kHz filtered white noise. The results were compared with those of normal 
hearing individuals, USH2A patients and DFNA8/12 and DFNA13 patients.14-16 All statistical 
analyses were performed using Prism 5 (Graphpad, San Diego, CA, USA).
Vestibulo-ocular examination
Vestibular testing was performed in patients III.7, III.14 and IV.25 to evaluate vestibular functions. 
Vestibular and ocular motor tests included evaluation of the vestibulare-ocular reflex using 
electronystagmography with computer analysis and evaluation of saccadic, smooth pursuit, and 
optokinetic nystagmus responses. Vestibular stimulation comprised rotatory and caloric tests. 
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results
WES and segregation analyses 
WES for individual IV.24 revealed two heterozygous variants in EYA4, which were predicted to be 
deleterious. The first mutation was a one base pair deletion in exon 8 (NM_004100.4: c.464del), 
which leads to a frameshift and a premature stop codon (p.Pro155fs*). The second mutation, 
c.1810G>T in exon 19, leads to a substitution of cysteine for glycine (p.Gly604Cys). This amino 
acid substitution is predicted to be pathogenic by SIFT, Polyphen2 and ConDel (scores of 0.00, 
1.00 and 1.00, respectively). This missense mutation was not found in the mother or in the father 
of the proband. However, it was detected in individual IV.25, the monozygotic twin brother of 
the proband. Therefore, the missense mutation is likely to be de novo. It is unclear whether the 
mutation is in the same allele as the deletion. The c.464del mutation segregates with hearing 
impairment in the family (Figure 1) with one exception. This will be further described in the next 
paragraph. 
Audiometric analyses
The simplified pedigree of the present family (Figure 1) comprises five generations, including 
13 affected members. One individual was not affected but did carry the deletion in EYA4. At age 
36, the best hearing ear in this individual showed thresholds at two frequencies, and the worst 
hearing ear showed thresholds at four frequencies that were above the 95th percentile threshold 
values for presbyacusis. The audiogram configuration showed mid-frequency hearing impairment 
in the worst hearing ear. For privacy reasons, this individual was not marked in the pedigree.
The pure tone audiograms (Figure 2) were symmetric, except for that of individual IV.13. This 
individual reported chronic otitis media of the right ear since childhood and consequently 
developed a perforation of his right eardrum. At the age of 16, he developed a perforation 
of his left eardrum, and he also underwent a myringoplasty of the right ear. Therefore, only 
audiograms of his left ear until the age of 16 are shown and used in the analyses. Otoscopy of 
individual IV.13 revealed a small perforation of the left eardrum and myringosclerosis in the 
right ear. Otoscopy in the other family members was normal. The audiogram configuration in this 
family initially showed mid-frequency hearing impairment in childhood that developed into high-
frequency, moderate hearing impairment later in life (Figure 2). 
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Figure 2. Binaural mean air conduction thresholds of the family members carrying the mutated EYA4 gene at 
various ages. For individual IV.13, only the left ear is taken into account. The audiogram panels are ordered 
by the age at the last completed audiogram. The pedigree number and age(s) are included in each panel.
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Cross-sectional and longitudinal analyses
Figure 3 shows the results of cross-sectional analyses of the pure-tone thresholds. The linear 
regression lines displayed significant progression for all frequencies. The corresponding ATD 
values ranged from 0.5 to 1.6 dB/year, with the highest value at 8 kHz. Cross-sectional analyses 
with presbyacusis-corrected audiograms only showed significant progression at 0.5 and 1 kHz 
(data not shown). It therefore seems plausible that the apparent increase in hearing threshold in 
the higher frequencies with increasing age can be attributed, at least in part, to presbyacusis.   
Figure 3. Cross-sectional analysis of all individuals carrying the mutated EYA4 gene. The binaural mean 
threshold was measured at the indicated frequencies in the last audiological test. A linear regression line was 
fitted (dashed line). The slope of this line is an indication of the annual threshold deterioration (ATD) and is 
indicated in the right lower corner of each panel.
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The ARTA derived from the last obtained audiograms of the family members carrying the 
deletion in EYA4 are shown in figure 4. Clearly, the deterioration of hearing later in life was 
predominant at the high frequencies.  
Figure 4. Age-related typical audiograms (ARTA) of all family members with the mutated EYA4 gene, derived 
from the cross-sectional trend lines (dashed lines) in figure 3. The bold lines represent different age decades, 
which are indicated in italics. 
Longitudinal analysis was performed for 8 individuals with a sufficient number of serial 
audiograms (data not shown). Progression was significant for all frequencies for individuals 
IV.24 and IV.25. Individuals III.3, III.7, III.14 and V.8 displayed significant progression for some 
frequencies and individuals III.5, III.13 and III.16 did not show any significant progression. 
Overall, the longitudinal regression lines resembled the cross-sectional regression lines. 
Speech recognition
The maximum phoneme scores plotted against PTA
1,2,4kHz
 are depicted in Figure 5. The 90% 
recognition scores were found at a PTA
1,2,4kHz 
level of 64 dB in the affected family members, 
which is more favorable than the 90% recognition score at a PTA
1,2,4kHz
 level of 48 dB found in 
presbyacusis patients. The deterioration gradients were 0.3% and 1.1% per dB in the affected 
family members and the presbyacusis patients, respectively. 
 
The speech perception in noise results are displayed in Figure 6. The mean results for patients 
with presbyacusis, USH2A patients and DFNA8/12 and DFNA13 patients are shown for 
comparison. The results obtained with the present family were fairly similar to those obtained 
with presbyacusis and USH2A patients. 
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Figure 5. Cross-sectional analysis of binaural mean (maximum) phoneme recognition scores against PTA
1,2,4 kHz
. 
The circles represent the affected family members. A fitted linear curve is shown. The deterioration gradient 
is indicated in the left corner. The X
90 
values are indicated with a dotted straight line. The dotted curves 
represent the P50 line for patients with presbyacusis.
Figure 6. individual ΔS/N for individuals III.5, III.7, III.13, III.14 and IV.24 are shown as well as
the average results with standard deviations for presbyacusis patients, Usher2A patients,
and DFNA8/12 and DFNA13 patients.14-16,23 
Psychophysical measurements
Figures 7a and b show the outcomes of the loudness growth measurements presented as solid 
lines for 0.5 kHz and 2 kHz, respectively. The loudness perception of individuals with normal 
hearing (dashed line) is shown as a reference.14 For either frequency, the regression lines of 
affected individuals display steeper slopes than those of normal hearing individuals. Steep slopes 
are associated with a sensory type of hearing impairment but not with cochlear conductive 
hearing loss.15,16,25
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Figure 7. Loudness growth functions obtained at 0.5 kHz (a) and 2 kHz (b). Solid lines represent regression 
lines of individual results, and pedigree numbers are indicated. The bold line displays the mean results of the 
five measured family members. The dashed line represents the reference curve for individuals with normal 
hearing.14 
Figure 8 presents the results of the gap detection experiments, which reveal that results in 
the present family are more similar to results in individuals with sensory hearing impairment 
(USH2A) than to individuals with cochlear conductive hearing impairment (DFNA8/12 and 
DFNA13).14-16  
Figure 8. Gap detection with unfiltered white noise, 0.5 kHz and 2 kHz filtered white noise. Average and 
individual results from the present family members are shown. The average results of Usher2A patients, 
individuals with normal hearing and DFNA8/12 and DFNA13 patients are provided for comparison.14-16 The 
standard deviations are indicated.
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Vestibular function
No vestibular symptoms were reported in the present family, and vestibular function was found 
to be normal in all three individuals tested (III.7, III.14 and IV.25).  
Dilated cardiomyopathy 
No sudden death, heart transplantation or overt heart failure was reported in the present family.  
Individual III.3 reported a history of palpitations and myocardial infarction.  Echocardiography 
in individual III.3 at age 64 showed left ventricle hypertrophy without dilatation and normal 
systolic left ventricular function. At the age of 72, Individual III.7 showed no signs of DCM on 
echocardiography. 
disCussion
In the present family, hearing impairment begins as a mid-frequency hearing impairment in 
childhood and develops into a high-frequency, moderate hearing impairment later in life. In 
general, previously described families with a mutation in EYA4 displayed moderate hearing 
impairment with an age of onset varying from the first to the fourth decade of life with a flat 
audiogram configuration. One individual was not affected but did carry the deletion in EYA4. In 
this individual, the worst hearing ear showed a mid-frequency hearing impairment; thus, the 
individual did match the phenotype of the affected family members. It can be speculated that 
this individual will experience hearing impairment later in life.  
As mentioned previously, the increase in hearing thresholds in the higher frequencies can 
be partly attributed to presbyacusis. Affected individuals in generations IV and V, the two 
generations less likely to be affected by presbyacusis, all had a mid-frequency hearing 
impairment. When corrected for presbyacusis, cross-sectional analyses in the present family 
showed significant progression only for the mid-frequencies (0,5 kHz and 1 kHz). Thus far, 
DFNA8/12 and DFNA13 are also known to cause mid-frequency hearing impairment in 
childhood.1 These patients displayed signs of cochlear conductive hearing impairment (De 
Leenheer et al., 2004; Plantinga et al., 2007). The results of psychophysical measurements in the 
present family appeared to be similar to those obtained in individuals with other sensory types 
of hearing impairment, such as USH2A and presbyacusis, in which hearing impairment is mainly 
caused by defects in the outer hair cells.26 Regression lines for loudness perception were overall 
steeper in the present affected individuals than in individuals with normal hearing, indicating 
a sensory type of hearing loss. Moreover, the speech perception in noise data also indicated 
the presence of a sensory type of hearing impairment rather than a cochlear conductive type 
of impairment. The gap detection data in Figure 8 lead us to the same conclusion. Wang et al. 
investigated the mechanisms by which mutations in EYA4 cause sensorineural hearing loss in 
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association with DCM.27 These authors suggested that EYA4 regulation of NA+/K+-ATPase is crucial 
for the development of mechanosensory cells and cardiac function in zebrafish. Furthermore, 
EYA4 morphant zebrafish embryos showed a reduced number of hair cells in the otic vesicle and 
lateral line neuromasts with impaired sensory responses.  Our results support the theory that 
EYA4 is expressed in the sensory cells of the cochlea. 
The mutation found in the present family truncates the N-terminal variable region, which has 
been associated with SNHI and DCM.6,11 In the absence of a family history of heart failure and 
premature death, a severe form of DCM is very unlikely in the present family. Less severe forms 
of this cardiomyopathy were not found on echocardiography in two affected family members. 
Thus, our results did not support the theory of Makishima et al. and Schonberger et al. The 
influence of the missense mutation in EYA4 found in WES is unknown. However, individuals IV.24 
and IV.25 did show progression of hearing impairment in all frequencies, whereas other family 
members showed progression of hearing impairment in some frequencies. Moreover, hearing 
impairment in individuals IV.24 and IV.25 was more severe at a younger age when compared to 
the other affected family members. This finding suggests that the missense mutation might have 
an effect on the progression and severity of hearing impairment in these two family members. 
ConClusion
We present a Dutch family with a truncating mutation (c.464del) in EYA4 causing mid-frequency 
hearing impairment with mainly a childhood onset. Furthermore, a missense mutation 
(c.1810G>T; p.Gly604Cys), predicted to be deleterious, was found in EYA4 in two family members 
and might contribute to the phenotype. Hearing impairment was symmetric and showed 
progression. Echocardiography in two family members showed no signs of DCM. Vestibulo-ocular 
examination in three family members showed no abnormalities. The results of psychophysical 
measurements were similar to those obtained in patients with other types of sensory hearing 
impairment, such as USH2A and presbyacusis. Our results support that EYA4 is expressed in the 
sensory cells of the cochlea.  
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aBstraCt
Objective 
To provide a detailed description of the phenotype of DFNA17. This will improve 
the understanding of DFNA17 and facilitates better patient counseling.
Study design 
Case series
Study setting 
Tertiary referral center, ambulatory
Patients 
Three family members of a Dutch family with a novel mutation in MYH9 
Interventions 
In the proband, whole exome sequencing was performed. Segregation analyses were performed 
in the affected individuals. Furthermore, multiple audiological tests and vestibular testing were 
executed.   
main outcome measures  
Affected individuals were subjected to otorhinolaryngologic examinations, vestibular testing, 
pure-tone audiometry and speech audiometry. To evaluate the nonsyndromic phenotype, 
cataracts, nephropathy and thrombocytopenia were investigated. 
results  
We present a Dutch family with a novel mutation in MYH9 
(NM_002473.4:c.2507C>T; p.(Pro836Leu)) .  Mutations in MYH9 can lead to nonsyndromic 
autosomal dominant hearing impairment (DFNA17) or MYH9-related disease (MYH9-RD). 
The latter includes symptoms of trombocytopenia, sensorineural hearing 
impairment, cataracts, nephritis and/or polymorphonuclear Döhle-like bodies. The present 
family members showed no signs of cataract, nephropathy or thrombocytopenia. Hearing 
impairment was moderate to severe and progressive. The affected family members
exhibited a variable age of onset. Vestibular testing demonstrated unilateral hyporeflexia in 
one individual.
Conclusions 
We present a Dutch family with a novel mutation in MYH9, causing autosomal
dominant nonsyndromic hearing impairment (DFNA17). A detailed description of the 
phenotype in this family is displayed to facilitate better understanding of DFNA17 and 
improve patient counseling.
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introduCtion
The present study reports on a Dutch family with an autosomal dominant inherited hearing 
impairment, likely to be caused by a mutation in MYH9 (DFNA17), which is linked to chromosome 
22q12.3. In the first two DFNA17 families reported with a mutation in MYH9, the sensorineural 
hearing impairment (SNHI) was characterized by an age of onset between six years and the 
mid-20s. An initial loss of the higher frequencies with later involvement of all frequencies and a 
progression to severe to profound deafness during the third decade of life were observed.1-4 The 
mutation in MYH9 is an amino acid substitution of arginine (Arg) to histidine (His) at position 705 
of the protein (p.(Arg705His)).1,2 Several other mutations in MYH9 have been described since, 
leading to different phenotypes, which together make up the MYH9-related diseases (MYH9-RD). 
Previously, four overlapping disease entities were distinguished that describe the different clinical 
manifestations of MYH9-RD. These are known as the May-Hegglin anomaly, Epstein syndrome, 
Fechtner syndrome and Sebastian syndrome.3-5 The MYH9-RD phenotype shows a combination of 
symptoms including thrombocytopenia in almost all, SNHI in 77% of the affected individuals, and 
cataracts, nephritis and/or polymorphonuclear Döhle-like bodies (leukocyte inclusions) in some 
cases. The p.(Arg705His) mutation has also been identified in two unrelated families with, besides, 
hearing impairment, thrombocytopenia, giant platelets, leukocyte inclusions and moderate 
elevation of some liver enzymes.6 These results show the extreme clinical variability due to MYH9 
mutations. 
MYH9 codes for the non-muscle myosin heavy chain IIA protein (NMMHC-IIA), which is expressed 
in certain types of blood cells (polynuclear cells, monocytes and platelets), in the cochlea and in 
the kidneys. Its precise function in the cochlea remains unknown. Expression of the MYH9 gene 
has been demonstrated in rat and mice cochlea, specifically in the inner and outer sensory and 
pillar cells of the organ of Corti, the spiral ligament, the spiral limbus and Reissner’s membrane.2,7 
A later study corroborated these findings (except for the Reissners membrane) and showed 
that the product of MYH9 was also specifically located in the stereocilia of the inner and outer 
hair cells. Furthermore, it was postulated that the absence of normal NMMHC-IIA could result 
in erratic stereocilia formation, as observed with other dysfunctional myosins, providing a 
direct explanation for the observed SNHI.8 In the proband of the first reported DFNA17 family, 
cochleosaccular degeneration (a collapsed Reissners membrane) was found on autopsy.9 Deafness 
due to the MYH9 mutation was not demonstrated in heterozygous mice, suggesting a dominant 
negative effect in humans, which is reported in four different studies.10-13 Homozygous loss of 
MYH9 in mice resulted in prenatal or neonatal lethality.7,14 The present study describes a family 
with a novel MYH9 mutation causing DFNA17. This study will provide a better understanding of 
the phenotype of DFNA17 and thus facilitate improved counseling of patients.  
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metHods
Patients
The proband, individual IV.2, presented to our otorhinolaryngology department with hearing 
impairment in 2011. Based on the type of hearing impairment, DFNA2 (KCNQ4) was tested 
and excluded. After obtaining written informed consent, whole exome sequencing (WES) was 
performed. Data analysis revealed a mutation in MYH9.  Subsequently, segregation analysis 
was performed and a clinical family study was started. A questionnaire was used to obtain 
information regarding hearing impairment and balance problems. Previous audiometric 
examinations were retrieved when available. Because of her age, individual II.2 decided 
not to undergo all the tests and examinations. Individuals III.2 and IV.2 were subjected to 
otorhinolaryngologic examinations, vestibular testing, pure-tone audiometry and speech 
audiometry. Individuals III.2 and IV.2 were also screened for thrombocytopenia  (normal range of 
platelet counts: 150-400 x 109/l)  using blood tests. Nephropathy was analyzed by  the presence 
of protein and/or erythrocytes in urine and by the level of creatanine in blood. Individuals II.2 
and III.2 underwent examination, including slit-lamp examination, by an eye specialist to exclude 
cataract. The proband could not be screened for cataract due to an early pregnancy. Peripheral 
blood samples were obtained from individuals II.2, III.2 and IV.2. 
Genetic analysis 
The exome of individual IV.2 was enriched using the SOLiDoptimized  SureSelectXT Human All 
Exon 50 Mb Kit (Agilent Technologies, Santa Clara, CA, USA). Exome sequencing was performed 
on an 5500XL sequencer (Life Technologies™, Carlsbad, CA, USA). Analysis of variants in a panel 
of known deafness genes in order to identify the disease-causing mutation, revealing only one 
likely causative mutation in the MYH9 gene has been described previously.15 Analysis of the 
variants beyond the deafness gene panel was performed with essentially the same filtering 
steps. Segregation analysis in individuals II.2 and III.2 was performed using Sanger sequencing of 
the relevant exon (primer sequences and PCR conditions are available upon request).
Audiometry and data analysis 
Pure tone audiometry was performed using standard methods. Air and bone conduction 
thresholds were assessed at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz and 8 kHz. If the best hearing 
ear showed three or more thresholds below the 95th percentile threshold value for presbyacusis 
(ISO7029 1984), the individual was considered to be affected. Because the hearing impairment 
was symmetrical, binaural mean hearing thresholds for both ears were calculated for each 
frequency. Only the most recent audiogram of each affected individual was included in the 
cross sectional analysis. All audiograms were included when longitudinal data were pooled. A 
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linear regression analysis was used to fit a sloping line to the individual data points for both the 
cross-sectional and longitudinal data. The slope of the cross-sectional lines depicts the annual 
threshold deterioration (ATD). Longitudinal analyses were performed on all three affected 
individuals. Linear regression analysis was executed to assess progression of hearing impairment. 
Progression was significant if p<0.05. Phonetically balanced standard Dutch consonant-vocal-
consonant word lists were used to measure speech recognition. The maximum phoneme score 
was analyzed using linear regression in relation to age and the binaural pure tone averages at 1 
kHz, 2 kHz and 4 kHz (PTA
1,2,4kHz
). Measurements were compared to a previously described group 
of people with presbyacusis.16 For statistical analysis the program Prism5 (Graphpad, San Diego, 
CA, USA) was used. 
Vestibulo-ocular examination
Individual III.2 and IV.2 were subjected to electronystagmography to assess vestibular function. 
The vestibular and ocular motor tests included evaluation of the vestibulo-ocular reflex, using 
electronystagmography with computer analysis, and evaluation of saccadic, smooth pursuit and 
optokinetic nystagmus responses. Vestibular stimulation consisted of rotatory and caloric tests. 
Results in caloric testing is considered to be symmetrical when the difference between reaction 
of the labyrinths is less than 20%.    
results
Clinical presentation
The pedigree consisted of 15 family members, spread over five generations (Figure 1). Of 
these, three individuals were affected (II.2, III.2 and IV.2). The proband (IV.2)  
experienced hearing impairment since primary school. Moreover, she reported tinnitus 
and some balance problems. The age of onset in individual III.2 was approximately 20 years.
She reported no history of noise exposure or balance problems. Otoscopy showed no  
irregularities. Individual II.2 reported an age of onset of approximately 40 years, 
some balance problems and no noise exposure. Cataracts were excluded in individuals II.2 
and III.2. None of the family members reported any spontaneous bleeding. Platelet count in 
individual III.2 showed to be 229 x 109/l and in individual IV.2 193 x 109/l, differentiation showed 
no abnormalities. No protein or erythrocytes were found in the urine of both individuals. 
Moreover creatinine  levels were normal in both individuals. Therefore, nephropathy and 
thrombocytopenia were excluded in individuals III.2 and IV.2.
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Figure 1. Simplified pedigree with pedigree numbers. Square, male; circle, female; open symbol, unaffected; 
solid symbol, affected; slash, deceased individual.  
Genetic analysis 
Whole exome sequencing was performed and a mutation in MYH9 was detected in 
individual IV.2.15 No other likely pathogenic mutations were detected by exome wide variant 
analysis (beyond the panel of deafness genes). Segregation of the MYH9 variant was confirmed 
in individuals II.2 and III.2. The alteration was found to be a missense variant in exon 19, 
exchanging a cytosine for a thymine at nucleotide 2507, resulting in an amino acid change 
of proline to leucine at protein position 836 (NM_002473.4:c.2507C>T; p.(Pro836Leu)). This 
mutation is predicted to be possibly pathogenic because it concerns a highly conserved 
nucleotide (PhyloP: 6.25) and a highly conserved amino acid (up to Tetraodon, considering 13 
species). Additionally, the mutation was not found in control populations, including the EVS 
database (~1300 alleles) and an in house database containing exome sequencing data of 5031 
exomes.17 Furthermore, segregation analysis showed that all the affected individuals in this 
family had the same mutation.
Pure tone audiometry 
All obtained audiograms of individuals II.2, III.2 and IV.2 are shown in Figure 2. In general, the 
audiogram was downsloping, moderate to severe and more progressive in individual IV.2 
than in individuals II.2 and III.2. 
 
I:1 I:2
II:2 II:3 II:4 II:5 II:6II:1
III:2III:1
IV:2IV:1 IV:3
V:1 V:2
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Figure 2. Binaural mean air conduction thresholds of the affected family members. The audiogram panels are 
ordered by the age at the last completed audiogram. The pedigree number and age(s) are included in each 
panel.
Figure 3 shows the results of the cross-sectional and longitudinal analyses. Cross-
sectional data (dashed lines) displayed no significant progression in any of the frequencies. 
This is most likely due to the variation in age of onset of the affected individuals. 
Annual threshold deterioration was measured to be -0.3 dB a year at 0.25 kHz and 0.8 dB a year 
at 8 kHz. The reverse progression at 0.25 kHz is not a real effect but can most likely be attributed 
to the variation in age of onset among the family members. Longitudinal analyses revealed 
significant progression at 0.5 kHz, 1 kHz, 2 kHz and 8 kHz for individual III.2. 
Individual II.2 and IV.2 showed significant progression in all frequencies, except 4 kHz and 8 
kHz, respectively. Additionally, when corrected for presbyacusis, individual IV.2 displayed 
significant progression in all frequencies, except for 0.25 kHz. Moreover, progression was shown 
to be significant at 0.5 kHz, 1 kHz and 2 kHz for individual III.2 and at 0.25 kHz and 0.5 kHz for 
individual II.2 (data not shown). 
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Figure 3. Longitudinal analyses of all affected individuals. Linear regression lines were fitted. Data for each 
individual is marked by its own symbol, indicated at the right of the first panel. The dashed line represent 
the linear regression line for the cross-sectional data, the slope of this line is an indication of the annual 
threshold deterioration (ATD) and is indicated in the right lower corner of each panel.
Speech audiometry 
Individuals II.2, III.2 and IV.2 displayed maximum phoneme scores of 65%, 75% and 90%, 
respectively. Looking at speech recognition compared to PTA
1,2,4kHz
, individual III.2 performed 
worse than presbyacusis patients whereas individuals IV.2 and II.2 performed better (data not 
shown).
Vestibulo-ocular examination
Oculomotor and rotatory tests showed no abnormalities in individuals III.2 and IV.2. Caloric 
testing, however, showed asymmetry in individual III.2. Although, both labyrinths were still 
functioning, the right labyrinth showed a reduction in function with a difference between 
labyrinths of 27%. Individual IV.2 showed symmetrical function of the labyrinths in caloric testing. 
disCussion
We have found a novel mutation in MYH9 that is likely to result in nonsyndromic hearing impairment 
(with the consideration that other signs of MYH9-RD were not detected and/or excluded). MYH9 
codes for the non-muscle myosin heavy chain IIA protein (NMMHC-IIA), the precise function of 
which remains unknown in the cochlea. The NMMHC-IIA protein consists of a Head doman (HD) 
with a neck domain and a tail domain (TD). In MYH9-RD, alterations in the HD are correlated with 
an increased risk of developing SNHI and a worse prognosis in general, compared to mutations in 
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the TD.3,5,18 The p.Arg705His mutation described in the families of Lawani and Hildebrand is located 
in the HD and results in a severe to profound hearing impairment in the third decade of life.19 The 
mutation in the family presented here is located in the Neck domain. The Neck is an important 
binding site for the myosin light chains.5 Individual IV.2, especially, has a severe and progressive 
type of hearing impairment. Progression of the hearing impairment in individuals II.2 and III.2 
was absent in the higher frequencies after data were corrected for presbyacusis, indicating that 
progression in this family may partially be attributed to presbyacusis. The present family displayed 
a moderate to severe hearing impairment with a variable age of onset, a phenomenon more often 
observed in nonsyndromic autosomal dominant hearing impairments. A possible explanation could 
be that the wild type allele has a variable compensating capacity in each individual. Additionally, 
environmental factors may play a role in the variation of age of onset of the hearing impairment. 
Vestibulo-ocular examination showed unilateral hyporeflexia in individual III.2. This individual did 
not report any symptoms of vertigo. Nevertheless, this is an interesting finding. More DFNA17 and 
MYH9-RD patients should be tested to evaluate this phenomenon in a larger group of patients.  
An obvious drawback of our study is the low number of affected individuals for this family. Pre-
symptomatic testing in minors is not allowed in our clinic and thus individuals V.1 and V.2  could 
not be genetically tested. Nevertheless, given that this is the first family to ever be described in 
the literature with this mutation, the results are of scientific importance. Moreover, these results 
are valuable for genetic counseling of patients with hereditary hearing loss. 
ConClusion 
We described a Dutch family with a novel mutation in MYH9 
(NM_002473.4:c.2507C>T;p.(Pro836Leu)) causing DFNA17. Hearing impairment was shown 
to be moderate to severe and progressive. In addition, there was a variable age of onset.
So far, no other clinical symptoms have been found. Caloric testing displayed unilateral 
hyporeflexia in individual III.2. A detailed description of the phenotype provides a better 
understanding of DFNA17 and its distinction from MYH9-RD and facilitates improved genetic 
counseling.
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aBstraCt
A total of 64 loci for autosomal dominant non-syndromic hearing impairment have been 
described, and the causative genes have been identified for 24 of these. The present study 
reports on the clinical characteristics of an autosomal dominantly inherited hearing impairment 
that is linked to a region within the DFNA60 locus located on chromosome 2 in q22.1-24.1.
A pedigree spanning four generations was established with 13 affected individuals. Linkage 
analysis demonstrated that the locus extended over a 2.96 Mb region flanked by markers 
D2S2335 and D2S2275. The audiograms mainly showed a distinctive U-shaped configuration. 
Deterioration of hearing started at a wide age range, from 12-40 years. Cross-sectional 
analysis showed rapid progression of hearing impairment from mild to severe, between the 
ages of 40 and 60 years, a phenomenon that is also observed in DFNA9 patients. The results 
of the individual longitudinal analyses were generally in line with those obtained by the 
cross-sectional analysis. Speech recognition scores related to the level of hearing impairment 
(PTA
1,2,4 kHz
) appeared to be fairly similar to those of presbyacusis patients. It is speculated that 
hearing impairment starting in mid-life, as shown by DFNA60 patients, could play a role in the 
development of presybacusis . Furthermore, speech recognition did not deteriorate appreciably 
before the sixth decade of life. We conclude that DFNA60 should be considered in hearing 
impaired patients who undergo a rapid progression in middle age and are negative for DFNA9. 
Furthermore, cochlear implantation resulted in good rehabilitation in two DFNA60 patients. 
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introduCtion
Until now, 64 loci for autosomal dominant non-syndromic hearing impairment (adNSHI) have 
been described. For 24 of these, the causative genes have been identified. The genomic loci 
for adNSHI are referred to as DFNA, where DFN denotes ‘deafness’, ‘A’ denotes ‘autosomal 
dominant’, and the numerals denote the loci in order of their discovery. Different phenotypes 
of autosomal dominant hearing impairment can be distinguished. Several characteristics of the 
hearing impairment appear to be locus-specific. One of these characteristics is the audiometric 
configuration. The majority of affected members of the present family show a mid-frequency 
hearing impairment, with a ‘cookie-bite’ or U-shaped audiogram configuration. Five other 
autosomal dominant forms of hearing impairment can show this distinctive audiometric 
configuration: DFNA8/12 (TECTA), DFNA13 (COL11A2), DFNA21, DFNA44 and DFNA49.1 Families 
suffering from mid-frequency hearing impairment usually show some intrafamilial variation 
in the audiogram configuration. Kunst et al. discussed this phenomenon and suggested that a 
family trait can still be characterized by mid-frequency hearing impairment, even though not all 
family members display a mid-frequency audiogram configuration. 2 
In an abstract by Xiao Mei Ouyang et al., a novel locus, DFNA60, was presented for autosomal 
dominant non-syndromic hearing loss mapped to chromosome 2q21.3-q24.1 with a critical 
region of 17 cM 3 between the flanking markers D2S442 and D2S1353. In that study, a four-
generation family of Poland-Jewish origin with eight affected family members was described, 
with the age at the onset of hearing impairment ranging from 15 to 30 years. 
Here, we report the clinical characteristics of a family with autosomal dominantly inherited 
hearing impairment linked to the DFNA60 locus (chromosome 2q22.1-24.1). These data 
contribute to insight of the different types of hearing impairment. A description of the different 
hearing impairment phenotypes is important for counseling and insight into genetic disease. 
patients and metHods
Patients
The proband of a Dutch family (W03-148) presented to our Otorhinolaryngology department for 
genetic counseling for his progressive sensorineural hearing impairment. Based on the family 
history and clinical presentation, mutations in the COL11A2 and TECTA gene were excluded. 
After informed consent had been obtained, a family study was performed. The pedigree 
spanned four generations, comprising 50 living members, and showed autosomal dominantly 
inherited sensorineural hearing impairment. Thirteen family members were affected. Figure 1 
shows a simplified pedigree. The medical history was taken from all participating individuals, 
previous audiograms were obtained where available, and any other causes of acquired deafness 
Chapter 692
were ruled out. All participants underwent otorhinolaryngologic examinations and pure-tone 
audiometry. Speech audiometry was obtained from 14 family members. Peripheral blood 
samples were collected from 45 family members. 
Linkage analysis
Genomic DNA of all participating individuals was extracted from peripheral blood lymphocytes 
according to standard protocols.4 Twenty-three individuals were genotyped using the Human 
Mapping 10K single nucleotide polymorphism (SNP) array from Affymetrix according to the 
manufacturer’s protocol. The genotyped individuals are II.1, II.2, II.4, II.5, II.6, III.1, III.2, III.3, 
III.4, III.5, III.6, III.7, III.8, III.9, III.11, IV.2, IV.3, IV.4, IV.5, IV.6, IV.7, IV.8 and IV.9. Genome-wide 
multipoint linkage analysis using liability classes was performed with GeneHunter version 2.1r5 
in the EasyLinkage software package. An autosomal dominant mode of inheritance and a disease 
allele frequency of 0.001 were used for the LOD score calculations. The liability classes were 
based on the age of the individual at the time of the most recent audiogram. The liability classes 
were 0-10 yrs, 10-20 yrs, 20-30 yrs and >30 yrs with a penetrance of 5%, 60%, 70% and 90%, 
respectively. 
The linkage region was confirmed and delimited using simple tandem repeat (STR) marker 
analysis as previously described.5 Two-point linkage analysis using the liability classes was 
performed on the STR marker data with Fastlink version 4.1 in the EasyLinkage software package6 
with an autosomal dominant mode of inheritance and a disease allele frequency of 0.001.
Audiometry and data analysis
Pure-tone audiometry was performed at the University Medical Centre St. Radboud and 
Renier de Graaf hospital according to standard methods. Air conduction and bone conduction 
thresholds were measured at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz and 8 kHz. Individuals were 
considered affected if the best hearing ear showed thresholds at three or more frequencies 
beyond the 95th percentile threshold values for presbyacusis.7 Because of their young age, some 
individuals in generation IV were measured in the sound field, and they were found to have 
normal hearing. Thresholds in the sound  field are usually higher compared to hearing thresholds 
measured with a headphone. To control such a bias, we set the normal hearing thresholds at 
10 dB for the frequencies 0.5 kHz, 1 kHz, 2 kHz and 4 kHz in all these analyses. In the analyses 
of audiometric data, thresholds of all individuals with the disease-associated haplotype were 
included. Hearing impairment in the present family was symmetric; therefore, the binaural 
mean air conduction threshold values were calculated for each frequency. Cross-sectional data 
were analyzed using non-linear regression analysis. Individuals III.1 and III.5 showed thresholds 
higher than 120 dB at the higher frequencies; a cut-off threshold of 120 dB was adopted. A 
sigmoidal curve with a variable slope was fitted. The slope of the tangent through the inflection 
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point was called the annual threshold deterioration (ATD); for convenience, it was visually 
estimated from the threshold versus age plot. The fitted curves were used to construct age-
related typical audiograms (ARTA) according to a previously described method.8 Longitudinal 
analysis was performed for individuals with three or more available audiograms and an overall 
follow-up period of at least three years. Linear regression analysis was performed to evaluate the 
progression of the hearing impairment. Progression was significant if p<0.05. 
Speech audiometry was performed according to common clinical standards using phonetically 
balanced standard Dutch consonant-vocal-consonant word lists. Scores are based on correct 
repetition of the phonemes. The maximum phoneme score was obtained and analyzed in 
relation to age and to the binaural pure-tone average at the frequencies of 1 kHz, 2 kHz, and 4 
kHz (PTA
1,2,4 kHz
). A sigmoidal curve with a variable slope was fitted with the parameters Bottom 
and Top fixed at 0% and 100%, respectively. A previously described group of subjects with 
presbyacusis was used as a reference group.9 The statistical analyses were performed using 
Prism 5 (Graphpad, San Diego, CA, USA). After cochlear implantation, the words were presented 
through a loudspeaker at a fixed distance of 1 meter from the patient at a normal conversational 
level of 65 dB sound pressure level (SPL). The subject responses were scored as the percentage 
of correct phonemes.
Cochlear implantation
Two individuals (III.1 and III.5) were rehabilitated with a cochlear implants. Both individuals 
received a nucleus freedom CI24RE in the right ear using standard operation procedures.
results
The pedigree of the present family (Figure 1) comprised four generations, including 13 affected 
family members. 
Individual III.8 carried the disease-associated haplotype but is not affected. His audiogram at 
46 years showed a notch at 4 kHz, which could have been caused by noise exposure (data not 
shown). Individual III.1 reported a skull base fracture at the age of five. Since then, his left ear 
has been completely deaf, and therefore, only his right ear was included in the analyses. The 
other family members reported no other causes of hearing impairment. The affected individuals 
reported that their first symptoms of hearing impairment had occurred at ages between 12 and 
40 years. Otoscopy was normal in all persons. Vestibular symptoms were not reported, and none 
of them underwent a vestibulo-ocular examination. The pure tone audiograms (Figure 2) were 
symmetric, except for the unilateral deafness of individual III.1. No persistent air-bone gaps were 
present in any of the obtained audiograms. The majority of the affected individuals showed a 
Chapter 694
‘cookie-bite’ or U-shaped audiogram with the highest threshold at 2 kHz. Individuals II.5 and III.6 
displayed a more flat audiogram configuration. Individual III.1 and III.5 showed the most severe 
hearing impairment; both were rehabilitated with a cochlear implant.
Figure 1. Pedigree and genetic analysis. Only those family members of the large pedigree who were relevant 
for the study are depicted. The haplotype associated with the hearing impairment is indicated by the box. 
For three unaffected individuals, the haplotypes are omitted from this pedigree for privacy reasons. Square, 
male; circle, female; open symbol, clinically unaffected; solid symbol, clinically affected; partially solid 
symbol, affected according to hearsay; slash, deceased individual; between brackets, haplotype extrapolated 
from children’s haplotype. 
Linkage analysis
Genome-wide linkage analysis was performed, and two regions with suggestive linkage (LOD 
score >2) were found on chromosome 2 (supplementary figure 1). The first region is located 
on chromosome 2 in q23.1-q23.3 and reached a maximum LOD-score of 2.93 (rs989414). This 
region is located within the DFNA60 locus previously described in an abstract by Ouyang et al.3 
The second region located on the same chromosome in q34-q35 reached a maximum LOD score 
of 2.47 (rs1831024) and is flanked by SNPs rs724954 and rs2888386. These two regions were 
further analyzed using STR marker genotyping. The region on chromosome 2 in q34-q35 was 
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Figure 2. Binaural mean air conduction thresholds of the affected family members at various ages. The 
audiogram panels are ordered by the age at the last completed audiogram. The pedigree number and age(s) 
are included in each panel.
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excluded by genotyping STR markers D2S143, D2S1345, and D2S2361 (supplementary table 1). 
The region located within the DFNA60 locus was confirmed and further defined. The critical 
interval of 2.96 Mb is flanked by markers D2S2335 and D2S2275 (chr2:148,860,043-151,821,468, 
hg19) as shown in supplementary figure 2. A maximum two-point LOD score of 2.50 was reached 
for D2S2277 at θ=0.00 (supplementary table 2). The chromosomal positions of the critical 
region, the second region on chromosome 2 with suggestive linkage in the genome scan and 
the previously described DFNA60 locus are schematically depicted in supplementary figure 2. 
Sequence analysis has been performed for all annotated exons and exon-intron boundaries in 
the critical region; however, no causative variants have been identified. Additionally, no copy 
number variants were detected in the critical region by SNP-array analysis (Affymetrix Genome-
Wide Human SNP Array 6.0, data not shown). 
Figure 3. Cross-sectional analysis of all individuals with the disease-associated haplotype. Binaural mean 
threshold measured at the indicated frequencies in the last audiological test. A sigmoidal curve was fitted 
(bold line). The maximum slope of the sigmoidal curve is an indication of the annual threshold deterioration 
(ATD) and is indicated in the right lower corner of each panel.
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Audiometric analysis
Cross-sectional analysis
Figure 3 shows the results of the cross-sectional analyses of the pure-tone thresholds with 
the fitted sigmoidal curve. It is notable that between the ages of 40 and 60 years, hearing 
impairment rapidly progressed from mild to a severe. The steeply sloping part of the sigmoidal 
curve pertains to this period of maximum progression in hearing impairment. The corresponding 
ATD values ranged from 3.8 to 7.2 dB/year, with the highest values at 4 and 8 kHz.
Thus, the hearing impairment in this family exhibited an age-dependent, significant progression. 
The ARTA derived from the obtained audiograms are shown in figure 4. The rapid progression in 
hearing impairment between the ages of 40 and 60 years is clearly demonstrated. 
Figure 4. Age-related typical audiograms (ARTA) of all individuals with the disease-associated haplotype 
derived from the fitted curves in figure 3. The bold lines represent different age decades, which are indicated 
in italics. The dotted line represents the typical audiogram at 45 years. 
Longitudinal analyses
A sufficient number of serial audiograms for regression analyses was available in five patients 
(Figure 5). Progression was significant at 1 kHz for individual IV.6, at 2, 4 and 8 kHz for individual 
III.5, and at 0.5, 1, 2, 4 and 8 kHz for individual II.1. Individual II.5 showed a significant negative 
slope at 0.25 kHz. As an isolated finding, this may be due to differences in the audiologic 
measurement techniques, or it may be due to chance alone. At the remaining frequencies, 
individual II.5 showed a fairly flat line, the slope of which approached the slope of the sigmoidal 
curve at that age interval. Individuals III.1 and III.5 showed rapid progression in hearing 
impairment at 2 kHz, 4 kHz and 8 kHz between the ages of approximately 35 and 55 years. The 
slopes of their individual regression lines at these frequencies matched fairly well to those of 
the corresponding parts of the sigmoidal curves. The regression lines for individuals II.1 and 
IV.6 showed steeper slopes than either corresponding plateau portion of the sigmoidal curve. 
Allowing for considerable variability across subjects, the results of the individual longitudinal 
analyses matched fairly well with the trend shown by the sigmoidal curve fitted to the cross-
sectional threshold data (Figure 5).
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Figure 5. Individual longitudinal analyses. Composite plot showing five affected individuals with a sufficiently 
long follow-up interval. The bold lines indicate significant progression. The dashed lines represent the cross-
sectional sigmoidal curve fitted for each frequency (Figure 3).
Speech recognition
Figure 6 shows the maximum phoneme scores plotted against age (left) and PTA
1,2,4kHz
 (right 
panel). The plot of maximum phoneme score by age (left panel) permitted no reliable fitting of 
a linear or non-linear regression line owing to outlier behavior of the data for individuals III.1 
and III.5. The maximum phoneme recognition scores for these individuals were excessively 
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low for their young age. These two individuals also showed excessively high air conduction 
thresholds (figure 2). However, their data fitted reasonably well to the overall sigmoidal curve 
in the phoneme recognition score against PTA
1,2,4,kHz
 plot (right panel). Nevertheless, it was clear 
that in DFNA60 patients, speech recognition did not deteriorate appreciably before the sixth 
decade of their lives. Apart from the exceptional data pertaining to the individuals III.1 and III.5, 
the data for the present patients fitted remarkably well to the sigmoidal curve established for 
presbyacusis patients (figure 6, left panel). The 90% recognition score was found at a PTA
1,2,4kHz
 
level of 57 dB, which is slightly more favorable than the 90% recognition score at a PTA
1,2,4kHz
 
level of 48 dB found in presbyacusis patients. The 50% recognition score was found at a PTA
1,2,4kHz
 
level of 89 dB, similar to that of presbyacusis patients (figure 6, right panel). Overall, the speech 
recognition scores related to the level of hearing impairment (PTA
1,2,4 kHz
) appeared to be fairly 
similar in DFNA60 patients and presbyacusis patients.
Figure 6. Cross-sectional analysis of binaural mean (maximum) phoneme recognition scores against age 
(left) and PTA
1,2,4 kHz
 (right). The circles represent the present family members carrying the disease-associated 
haplotype. A fitted non-linear curve is shown in the right panel. The X
50
 and X
90 
values are indicated with a 
dotted straight line in the right panel. The dotted curves in both panels represent the P50 line for patients 
with presbyacusis.
Cochlear implantation
Individuals III.1 and III.5 were rehabilitated by cochlear implantation. Both implantations were 
uneventful. After using his cochlear implant for six months, hearing thresholds in individual III.1 
were measured between 5 dB and 15 dB at all frequencies. One year after insertion, speech 
reception scores of 89% (right ear) were found for words presented at 65 dB SPL. Three months 
after implantation, the hearing thresholds in individual III.5 were measured between 10 and 25 
dB at 5 frequencies. At 8 kHz, a threshold of 55 dB was measured. Three months after insertion, 
the patient showed speech reception scores of 90% (right ear) for words presented at 65 dB SPL. 
Therefore, both individuals showed a remarkable improvement of hearing thresholds and speech 
recognition scores after receiving a cochlear implant.  
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disCussion
Hearing impairment in the present DFNA60 family showed considerable variability in the age 
of onset, ranging from 12 to 40 years. Because there are non-affected individuals in generation 
IV who carry the disease-causing haplotype, the number of affected individuals may increase 
over the next years. Progression in hearing impairment in individual IV.6 could represent the 
childhood onset that has yet to be demonstrated in generation IV. Individual III.8 (aged 46 
years) reported noise exposure and showed a high hearing threshold at 4 kHz in his audiogram. 
Although he carries the affected allele based on the STR marker analysis, we cannot rule out the 
possibility that his audiogram configuration is caused by noise exposure. Nevertheless, he might 
still develop hearing impairment later in life, making the age of onset even more variable. 
Although no statistically significant LOD score was attained, only two regions with a score 
suggestive of linkage were identified in the genome-wide analysis, and only one of these could 
be confirmed by genotyping STR markers. This region is located within the DFNA60 locus, for 
which the causative gene has not been identified. The apparent similarity in the age of onset 
between the family presented here and the previously described family may favor the possibility 
that the same gene underlies the hearing impairment  in the two families. Because no mutation 
was detected by sequence analysis of all annotated genes in the critical region, the genetic 
defect may affect a so far unknown exon or regulatory sequences. Alternatively, a small deletion 
that remained undetected by SNP array analysis might be involved.
Audiogram configurations in this family showed a mid-frequency hearing impairment (Figure 
2). Two genes are known to be associated with mid-frequency hearing impairment: TECTA and 
COL11A2. Mutations in these genes cause alterations in the tectorial membrane.10,11 
The TECTA gene encodes α-tectorin, a major non-collagenous component of the tectorial 
membrane in the cochlea.12 Mutations in COL11A2 lead to an abnormal type XI-collagene-α2-
chain and thus to disorganization of the collagen fibrils in the tectorial membrane.11 Both genes 
were excluded in the present family. Further research for genes causing mid-frequency hearing 
impairment is recommended, in which the present family might play a role. 
A distinctive feature of hearing impairment in the present family is the rapid progression starting 
at approximately 40 years of age and lasting for approximately 20 years. The DFNA60 family 
described in the abstract by Ouyang et al. also displayed a variable age of onset ranging from 15 
till 30 years.3 This phenomenon also occurs in DFNA9 patients with P51S and G88E mutations 
in the COCH gene.13,14 For the P51S mutation, the progression of hearing impairment started 
at approximately 40 years of age and continued for 20 to 25 years; the associated average 
progression was 2.9 dB/y for all frequencies.13 In G88E mutation carriers, progression of hearing 
impairment started from age 46 onwards  to continue for approximately 20 years. The ATD varied 
between 3.6 and 4.5 dB/y. It is notable that the ATD in the present DFNA60 family is even higher 
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than in DFNA9 patients. DFNA9 patients can be differentiated from DFNA60 patients by the 
presence of vestibular areflexia. Our data suggest that DFNA60 should be considered in patients 
with a midlife onset, those with a rapid progression of hearing impairment, and those who are 
negative for DFNA9. Speech recognition scores in the present families showed similarities with 
those of presbyacusis patients (Figure 6). Presybacusis has a variety of causative factors, and a 
genetic cause could be one of them. It is speculated that hearing impairment starting in mid-life, 
as shown by DFNA60 patients, could play a role in the development of presybacusis. The severity 
of hearing impairment in the present family progressed from mild to severe, with individuals III.1 
and III.5 having the most severe hearing impairment. Both were rehabilitated with a cochlear 
implant. The post-implantation measurements in individuals III.1 and III.5 show promising 
rehabilitation results. Rehabilitation with cochlear implantation in other types of autosomal 
dominantly inherited hearing impairment, such as DFNA3 and DFNA9, shows good results as 
well.15,16
ConClusion
This study presents a Dutch family with autosomal dominant non-syndromic hearing impairment 
with suggestive linkage to a region on chromosome 2 in q23.1-q23.3 within the DFNA60 locus 
(2q22.1-24.1). The present family suffers from a mid-frequency type of hearing impairment 
with an age of onset varying between approximately 12 to 40 years. Hearing impairment 
increases from mild to severe, with a rapid progression between the fourth and sixth decade. 
This phenomenon is also observed in DFNA9 patients; thus, DFNA60 should be considered in 
patients who test negative for DFNA9. Similarities were found in the speech recognition scores 
between presbyacusis patients and the present family. Cochlear implantation showed promising 
rehabilitation results in DFNA60 patients. 
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Supplementary figure 2. Schematic representation of part of chromosome 2 showing the DFNA60 locus and 
the critical and excluded regions in the present family. Flanking markers are indicated. The critical region in 
the present family (2q23.1- 2q23.3) is located within the previously described DFNA60 locus (Ouyang et al. 
2007). The excluded region is depicted in grey. 
Position (cM) according to Recombination fractions (θ)
Marker Marshfield deCode genethon 0.00 0.01 0.05 0.10 0.20 0.30 0.40 Zmax θmax
D2S143 210.43 - 217.00 -0.49 1.38 1.86 1.88 1.56 1.03 0.40 1.90 0.08
D2S1345 210.43 210.69 - -7.20 -2.29 -0.42 0.24 0.59 0.49 0.23 0.59 0.22
D2S2361 210.43 212.25 217.20 -2.67 -1.17 -0.50 -0.23 -0.01 0.06 0.06 0.06 0.35
Supplementary Table 1. Two-point LOD scores between polymorphic markers on 2q34-35 and the disease gene
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Recombination fractions (θ)
Marker Marshfield position 0.00 0.01 0.05 0.10 0.20 0.30 0.40 Zmax θmax
D2S150 149.89 cM -1.37 -0.23 0.46 0.72 0.82 0.68 0.40 0.83 0.18
D2S127 149.89 cM -3.94 -1.08 0.18 0.64 0.85 0.71 0.41 0.85 0.20
D2S129 149.89 cM 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.04
D2S151 152.04 cM -2.18 -0.97 -0.30 -0.04 0.11 0.09 0.03 0.11 0.23
D2S2335 152.04 cM -2.80 -1.79 -1.02 -0.65 -0.28 -0.11 -0.03 0.00 0.50
D2S2277 154.48 cM 2.50 2.48 2.37 2.18 1.68 1.08 0.49 2.50 0.00
D2S2275 154.48 cM 0.10 1.12 1.68 1.78 1.56 1.08 0.51 1.78 0.10
D2S2236 154.48 cM -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 0.00 0.00 0.50
Supplementary Table 2 Two-point LOD scores between polymorphic markers on 2q23.1-2q23.3. and the 
disease gene
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This thesis on hereditary hearing impairment reports on the clinical and genetic aspects of 
non-ocular Stickler syndrome (Chapter 2), HDR syndrome (Chapter 3), DFNA10 (Chapter 4), 
DFNA17 (Chapter 5) and DFNA60 (Chapter 6).  The results of the psychophysical measurements 
are described and discussed from patients with non-ocular Stickler syndrome, HDR syndrome 
and DFNA10.  Describing groups of patients with hereditary hearing impairments and their 
audioprofiles is important for accurate genetic counseling and for further understanding of the 
function of the inner ear on the molecular level. 
Chapter 2 discusses non-ocular Stickler syndrome and provides in detail the clinical and 
psychophysical aspects of two Dutch families. Hearing impairment in non-ocular Stickler 
syndrome is characterized by a non-progressive childhood-onset hearing loss that is mostly mild 
to moderate in severity. Several different audiogram configurations have been shown. Non-
ocular Stickler syndrome is caused by mutations in the COL11A2 gene. COL11A2 is expressed 
in the tectorial membrane, as is TECTA.1 Previous reports have suggested that TECTA-based 
hearing impairments might have a “protective” effect against presbyacusis 2; patients are 
generally exposed to lower-than-usual levels of sound energy at the organ of Corti and thus may 
be protected from the loud noises that might be a cause of presbyacusis. Because COL11A2 is 
expressed in the tectorial membrane, we attempted to substantiate this effect in the reported 
families. After correcting for presbyacusis in the last obtained pure-tone audiograms, two family 
members showed a significant negative slope in the linear regression analyses. Additional 
longitudinal data collected at younger ages might have enabled the identification of significant 
negative slopes in the presbyacusis-corrected plots that are suggestive of protection from loud 
noises as a contributor to presbyacusis. It should be noted that presbyacusis is considered to 
be a multi-factorial condition and that loud noise is not the only cause for presbyacusis. For 
example, genetic factors might also play a role. The results of the psychophysical measurements 
in the non-ocular Stickler patients were ambiguous but showed the greatest similarity to those 
of DFNA8/12 and DFNA13 patients 3,4, supporting the previously suggested existence of an intra-
cochlear conductive hearing impairment. A discussion about psychophysical measurements 
will continue later in this chapter. Overall, audiological findings in these two families were fairly 
variable. Intra and inter familial variability in phenotype, like audiogram configurations, age 
of onset or severity of hearing impairment for example, is a phenomenon more often seen in 
autosomal dominant hereditary hearing impairment. In DFNA17,  that will be discussed later in 
this chapter, this phenomenon is also observed. A possible explanation could be that the wild 
type allele has a variable compensating capacity in each individual. Additionally, environmental 
factors and other genetic factors may also play a role.
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In chapter 3, the audiometric features of a Dutch family with a mutation in GATA3 that causes 
the HDR syndrome are described. The novel mutation c523_528dup (p.Gln178ProfsX19) is likely 
to lead to nonsense-mediated decay of the mRNA and thus haploinsufficiency. The present 
patients displayed a mild to moderate, bilateral and symmetrical type of hearing impairment, 
which is a phenotype similar to that previously reported in HDR patients.5-14 Furthermore, 
hearing impairment in the present family showed a flat audiogram configuration with a gentle 
downward slope at the higher frequencies, and the hearing impairment was congenital and 
non-progressive. The majority of studies describe non-progressive hearing impairment in 
HDR patients. The results from the psychophysical measurements showed that functionally, 
HDR patients displayed characteristics of hair cell loss, similar to Usher syndrome type IIA 
and presbyacusis patients. This conclusion is in agreement with the theory that outer hair cell 
malfunctioning can play a major role in hearing loss in HDR patients.15,16  More discussion about 
the psychophysical measurement results can be found later in this chapter. Several studies in 
mice have indicated a role for GATA3 in the development of the cochlea and of the vestibular 
system.17,18 CT-scanning in three HDR patients of the present family revealed no anomalies. 
Vestibular testing showed some hyper reactivity in one HDR patient at age 30; however, no 
significant abnormalities were found. Recently, Wei-De Chien et al. described the auditory and 
vestibular phenotypes associated with GATA3 mutations in 6 patients.19 Three participants 
underwenth vestibular testing. In two individuals results were found to be normal and in one 
individual results were inconclusive. These findings supports our theory that mutations in GATA3 
do not cause vestibular malfunction. 
Chapter 4 displays the genetic, clinical and psychophysical measurement results of a Dutch 
family with DFNA10. The hearing impairment in the present family started as a mid-frequency 
type in childhood and developed into a high-frequency, moderate hearing impairment later 
in life. In general, previously described families with a mutation in EYA4 displayed a moderate 
hearing impairment with an age of onset varying from the first to the fourth decade of life with 
a flat audiogram configuration. Mid-frequency hearing impairments in children can go easily 
unnoticed because of the good speech reception scores associated with normal thresholds in the 
high frequencies. Furthermore, rehabilitation with a hearing aid can be a challenge because the 
occlusion effect introduced by an earmold can put too much emphasis on the low frequencies. 
Therefore, to provide the best audiological support, it is important to continue research for mid-
frequency hearing impairments and rehabilitation options. So far, DFNA8/12 and DFNA13 are 
also known to cause mid-frequency hearing impairment in childhood.20 These patients displayed 
signs of cochlear conductive hearing impairment (De Leenheer et al., 2004; Plantinga et al., 
2007). The results of the psychophysical measurements in the present family were shown to be 
similar to other conditions with a sensory type of hearing impairment, such as Usher syndrome 
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type IIA and presbyacusis. Wang et al. investigated the mechanisms by which mutations in EYA4 
caused sensorineural hearing loss in association with dilated cardiomyopathy.21 They concluded 
that EYA4 regulation of NA+/K+-ATPase is crucial for the development of mechanosensory cells 
and cardiac function in zebra fish. Furthermore, eya4 morphant zebra fish embryos showed 
a reduced number of hair cells in the otic vesicle and lateral line neuromasts with impaired 
sensory responses. Our results support the theory that EYA4 is expressed in the sensory cells 
of the cochlea. The mutation (c.464del) found in the present family truncates the N-terminal 
variable region, which has been associated with sensorineural hearing impairment and 
dilated cardiomyopathy.22,23 Cardiomyopathy was not found in the echocardiograph of the two 
affected family members. Although not all family members underwent an echocardiograph, 
none of the family members reported signs of dilated cardiomyopathy. Thus, our results did 
not support the theory of Masakhima et al. and Schonberger et al. The effect of the missense 
mutation (c.1810G>T; p.Gly604Cys) in EYA4 that was identified during whole exome sequencing 
(WES) is unknown. However, we suspect that the missense mutation might have an effect on 
the progression and severity of hearing impairment in DFNA10. Both the truncating and the 
missense mutation in EYA4 were unraveled using WES. This technique makes it possible to 
identify disease causing mutations in a cost effective manner and in a short period of time.24 
Testing for genetic defects can be problematic and time consuming because of the large amount 
of genes involved in hereditary hearing impairment. WES enables the screening of the whole 
exome, making it a technique suitable for families with a small amount of affected family 
members in which a linkage analysis is not possible. Using WES as a diagnostic tool has already 
been introduced, but it is still a fairly new technique for hereditary hearing impairments.25 The 
challenge is to interpret the large amount of DNA variants when WES is used. Nevertheless, 
WES is a useful tool, both in the diagnostic and research field, for identifying causative genes for 
hereditary hearing impairment. 
Chapter 5 evaluates the genetic and audiometric characteristics of a Dutch family with DFNA17. 
Mutations in MYH9 can cause DFNA17 or MYH9 related diseases (MYH9-RD). We have found a 
novel missense mutation (c.2507C>T; p.(Pro836Leu)) in MYH9 that is predicted to be pathogenic, 
resulting in a nonsyndromic hearing impairment. So far, only one mutation has been known to 
cause DFNA17: R705H. Recently, Verver et al. identified two unrelated families with a R705H 
mutation in MYH9 with four affected individuals who had not only a hearing impairment but also 
thrombocytopenia, giant platelets, leukocyte inclusions and the moderate elevation of some 
liver enzymes.26 They suggested that the R705H mutation can cause MYH9-RD. However, the 
present family was screened for thrombocytopenia, cataract and nephropathy, and none of the 
tests indicated a syndromic phenotype. MYH9 codes for the non-muscle myosin heavy chain IIA 
protein (NMMHC-IIA), the precise cochlear function of which remains unknown. The NMMHC-IIA 
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protein consists of a head domain (HD) with a neck domain and a tail domain (TD). 
In MYH9-RD, alterations in the HD are correlated with an increased risk of developing SNHI and 
a worse prognosis in general compared to mutations in the TD.27,28 The mutation in the present 
family is located in the Neck domain. The hearing impairment in the present family is moderate 
to severe with an age of onset varying from childhood until age 40. The R705H mutation, located 
in the HD of MYH9, causes a hearing impairment that initially starts as a mild hearing impairment 
in childhood until the mid-20s but progresses to a severe to profound hearing impairment in the 
second to third decade of life. These findings suggest that the mutation in the present family 
might cause a milder phenotype than the R705H mutation. Vestibulo-ocular examinations have 
demonstrated a unilateral hyporeflexia in one individual in the present family. This individual 
did not report any symptoms of vertigo. Nevertheless, this is an interesting finding. More 
DFNA17 and MYH9-RD patients should be tested to confirm vestibular involvement in DFNA17 
or MYH9-RD in a larger group of patients. Hildebrand et al. reported on five affected individuals 
receiving cochlear implants with excellent results.29  This is in contrast with one patient who 
received a cochlear implant in a report by Lalwani et al.30  Hildebrand et al. indicated that 
the implant surgery was conducted shortly after each individual had developed a profound 
hearing impairment; this was presumably before there was time for the cochlear neurons 
and their central connections to degenerate. This might be an explanation for the difference 
between the cochlear implant results.29 Because all individuals of the present family showed a 
progressive type of hearing impairment, it can be speculated that cochlear implantation might 
be a rehabilitation option for this family in the future. According to the above mentioned results, 
timely intervention plays an important role in the therapeutic response of DFNA17 patients. 
Chapter 6 focuses on the phenotype-genotype correlation of a Dutch family with an autosomal 
dominantly inherited hearing impairment linked to the DFNA60 locus. Audiogram configurations 
in this family showed a mild to severe mid-frequency hearing impairment with a variable age of 
onset.  Another distinctive feature of the hearing impairments in the present family was the rapid 
progression starting at approximately 40 years of age and lasting for approximately 20 years. The 
DFNA60 family described in the abstract by Ouyang et al. also displayed a variable age of onset 
ranging from 15 to 30 years.31 This phenomenon also occurred in DFNA9 patients with P51S 
and G88E mutations in the COCH gene.32,33 DFNA9 patients can be differentiated from DFNA60 
patients by the presence of vestibular areflexia. Although vestibular areflexia in the present 
family is unlikely because none of the affected family members reported vestibular symptoms, 
vestibular testing was not executed. It will be interesting for future research to conduct 
vestibular testing in DFNA60 patients. Our data suggest that DFNA60 should be considered in 
patients with a midlife onset, those with a rapid progression of hearing impairment, and those 
who are negative for DFNA9. Two family members were rehabilitated with a cochlear implant 
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and showed promising rehabilitation results. Rehabilitation with cochlear implantation in other 
types of autosomal dominantly inherited hearing impairment has also shown good results.34,35  
The causative gene for DFNA60 has not yet been identified. The apparent similarity in the age of 
onset between the family presented here and the previously described family by Ouyang et al. 
suggests the possibility that the same gene underlies the hearing impairment in both families. 
Because no mutation was detected by the sequence analysis of all annotated genes in the critical 
region, the genetic defect may affect an exon or regulatory sequences that is currently unknown. 
Alternatively, a small deletion that remained undetected by the SNP array analysis might be 
involved. Future research is necessary to identify the causative gene for DFNA60.
Psychophysical measurements
In the eighties and nineties, several studies showed that although hearing thresholds and speech 
recognition are related, the variation between patients is large. 36,37 Furthermore, Nijmegen 
research has shown that the genetic cause of the hearing loss also plays a role 38
Therefore, and with reference to the work of Schuknecht and Gacek 39, who defined 4 
distinct types of cochlear hearing loss in adults with presbyacusis (sensory, strial, neural, 
and cochlear conductive type), it was decided to evaluate the functional status of the cochlea in 
individuals with hereditary hearing impairment in greater detail. An extended set of audiometric 
measurements was defined, as introduced by de Leenheer et al.40 In addition to tone- and 
speech audiometry (also in noise), this extended test battery comprised tests that assess 
loudness perception, spectral processing (frequency resolution) and temporal processing (gap 
detection). The ultimate goal was to define the ‘auditory profile’ per type of genetic hearing 
impairment that would enable a genetic-specific approach to hearing aid fitting.
The first Nijmegen study was an interesting one because de Leenheer et al. showed that patients 
with DFNA13 had good speech recognition in noise, even subnormal, while their loudness 
perception was subnormal as well. Note that sensorineural hearing loss is characterized by 
a decreased hearing range (the difference between the hearing thresholds and the loudness 
discomfort levels), or, in other words, by a steeper than normal loudness growth.41 Remarkably, 
that was not found. Knowing that the defect gene (COL11A2) affects the visco-elastic properties 
of the tectorial basilar membrane, it was concluded that  the cochlear hearing loss was most 
likely of the cochlear conductive type (according to the categorization of Schuknecht and Gacek, 
1993). 
Since then, studies have been performed on several other groups of patients with a diagnosis 
of genetic hearing loss and with knowledge about what structure of the cochlea was affected 
by the involved defect genes. Two types of cochlear loss could be recognized: DFNA13 and 
DFNA8/12, which have been categorized as cochlear conductive types 40,42), and Usher 2A and 
DFNA22, which have been categorized as ‘sensory’ types.43,44 Three more studies are presented 
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in this thesis (DFNA10, non-ocular Stickler syndrome, and HDR syndrome). In general, the 
outcomes of the extended test battery, including audiometry, showed an obvious inter-subject 
variation and sometimes also interfamily variations (see e.g., the data of non-ocular Stickler 
syndrome). Therefore, keeping in mind the definition of an ‘auditory profile’, only average data 
were considered in this preliminary overview of the Nijmegen studies. To make the group of 
patients more homogeneous, a number of patients were excluded. First, to avoid combinations 
of genetic hearing loss and presbycusis, all patients older than 65 years were excluded. Second, 
it was decided to exclude affected family members with hardly any hearing loss (e.g., several 
members of family 2 with non-ocular Stickler syndrome) as well as those with severe deafness. 
Rather arbitrarily, the patients with a hearing loss < 30 dB HL and > 70 dB HL were excluded. 
Furthermore, only psychophysical data obtained at 2000 Hz were included, not 500 Hz, as 
several groups of patients had primarily high frequency hearing loss. Finally, only the data from 
speech in the noise test and the loudness growth test will be discussed here because these two 
measures were the most sensitive ones in distinguishing the cochlear conductive type from the 
sensory type.
Using broad-band signals, as in the speech-in-noise test, the percentage of correctly identified 
sentences might be affected by either poor spectral and temporal processing or by audibility. 
If the full speech signal could not be made audible, e.g., because of a steeply sloping high 
frequency hearing loss, corrections had to be made.45 To correct for audibility, we followed the 
method described by Killion and Christensen 46; the original and corrected scores are presented 
in table 1 as the ‘corrected S/N scores’. The presented S/N score is relative to that of normal 
hearing subjects (-5.5 dB).47 The closer the relative S/N to zero, the better. Reference data 
obtained in patients with presbyacusis are added to table 1.47 
Loudness growth is also presented as relative to that of normal hearing subjects (slope ref. NH, 
column 5). In the case of normal hearing, loudness varies from approx. 0 to approx. 100 dB HL, 
which is the uncomfortable loudness level in normal hearing subjects. The slope of the loudness 
growth curve is normalized to 1. In case of a pure sensorineural hearing loss, a smaller value than 
1 is expected, caused by increased hearing thresholds; however, the loudness discomfort levels 
also increase. Dillon and Storey showed that the loudness discomfort level increases 3 dB per 
10 dB increase in hearing loss.48 Taking this into account, table 1 not only shows the measured 
loudness growth values but also the estimated loudness growth values, based on the degree of 
hearing loss.    
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table 1. Overview of the results of the psychophysical measurements (speech recognition in noise and 
loudness growth) in different groups of patients.40,42-44,47,49
Genetic disease Number of  
patients
ptax S/N ref. NH/  
Corrected S/N
slope.  
ref NH
slope  
estimated
Cochlear conductive type
DFNA8/12 5 35 1.1 0.93 0.7
DFNA13 11 37 1.4 0.85 0.7
Sensory type
Usher syndrome 
type IIA
11 55 7.2/5.5 0.56 0.6
DFNA22 3 42 2.6 0.66 0.7
HDR syndrome 3 31 4.4/3.2 0.53 0.6
DFNA10 3 64 5.3 0.63 0.5
Presbyacusis 10 50 6.1/4.0 n.a.
others
Non-ocular Stickler 
syndrome
4 57 4.2 0.71 0.6
Otogelin 7 40 4.0 0.48 0.7
X Mean loss at 0.5, 1, 2 and 4 kHz
The results presented in table 1 suggest that indeed the subdivision of ‘cochlear conductive’ and 
‘sensory‘ is a valid one. In the first subgroup, the loudness growth data were close to 1 and the 
S/N data were close to 0. For DFNA 8/12 and 13, it is obvious that the relative loudness growth 
did not match the estimated value based on the assumption that the hearing loss was a pure 
sensorineural hearing loss. Indeed, the defect genes affected the tectorial membrane. For the 
same reason, it was expected that patients with Otogelin and non-ocular Stickler syndrome 
would have a similar cochlear conductive loss; however, according to table 1, their characteristics 
were ambiguous (see further on). In the sensory type, the S/N data are clearly different from 
zero, and the loudness growth values are close to the expected value assuming that the hearing 
loss is a pure sensorineural hearing loss. Note that after corrections for audibility, their S/N data 
are much more homogeneous. 
As stated previously, the data of the Otogelin patients and the non-ocular Stickler syndrome 
patients did not show the anticipated characteristics of the cochlear conductive type of hearing 
loss. Concerning Otogelin, it has been speculated that the affected tectorial membrane causes 
ineffective movement of the stereocilia, which might result in a secondary hair cell malfunction.49 
When evaluating the individual loudness growth data of the non-ocular Stickler syndrome 
patients, it appears that there are subgroups: one group of patients had curves parallel to the 
normal hearing curve (typically the cochlear conductive type), and one group had steeper curves 
(typically the sensory type). It is not yet known what causes this difference.  
In general, owing to the low number of patients in several groups, little can be said about 
the differences between groups. However, the differences between the groups of patients 
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might be caused by differences in spectral processing. Unfortunately, as described in detail by 
Leijendeckers et al., the outcomes of the spectral resolution test were not reliable; therefore, the 
test had to be skipped from the test battery.43 
The evaluation of the outcomes of the extended test battery, which has been used through 
the years, has helped us to better understand the cochlear impairment and its consequences. 
However, the (often inevitably) low number of patients as well as the obvious variation between 
patients does not enable us to draw firm conclusions. The replacement of the Nijmegen 
extended test battery by the optimized, international HEARCOM test battery (Acalos test: 
loudness growth test; F and t rest: spectral and temporal resolution test; Matrix test: speech-
in-noise test) will enable cooperation with other research groups, eventually across language 
borders.50   
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In chapter 1 of this thesis a general introduction of hereditary hearing impairment and a review 
of non-oculair Stickler syndrome, HDR syndrome, DFNA10, DFNA17 and DFNA60 is provided. 
Furthermore, the background of the psychophysical tests used in this thesis are outlined.  
Chapter 2 describes the audiometric characteristics of two Dutch families with non-ocular 
Stickler syndrome.  Results of a total of 10 individuals are described. Family members of the 
first family carried a heterozygous splice donor mutation in the COL11A2 gene. Family members 
in the second family were carriers of a heterozygous missense mutation in COL11A2. Both 
families showed bilateral, non-progressive hearing impairment with a childhood onset. The 
severity of hearing impairment exhibited inter- and intrafamilial variability and was mostly 
mild to moderate. Furthermore, psychophysical measurements were performed. The results of 
psychophysical measurements in non-ocular Stickler patients were ambigious but resembled 
most those of DFNA8/12 (TECTA) and DFNA13 (COL11A2) patients and thus were suggestive 
of intra-cochlear conductive hearing impairment. This is in line with the idea that mutations in 
COL11A2 affect tectorial membrane function. 
Chapter 3 reports on the audiometric characteristics of five patients of a Dutch HDR family. The 
five family members all carried a GATA3 mutation (c523_528dup) causing HDR syndrome. HDR 
syndrome is a rare syndrome and it is characterised by hypoparathyroidism, deafness and renal 
defects. Hearing impairment in the described family was congenital, mild to moderate, bilateral 
and symmetric with a flat audiogram configuration. Higher frequencies tended to be more 
affected. Cross-sectional analyses showed no progression in hearing impairment.  CT scanning 
of the os petrosum revealed no anomalies in three of the HDR patients. Although two patients 
displayed vestibular symptoms, no anomalies of the vestibular system were found in vestibulo-
ocular examination. Results of psychophysical measurements in three HDR patients, indicated 
characteristics of the sensory type. Our results are in agreement with the theory that outer hair 
cell malfunctioning can play a major role in HDR syndrome. 
Chapter 4 concerned the audiometric characteristics of a Dutch DFNA10 family. Whole exome 
sequencing revealed a novel EYA4 mutation (c.464del) in this family, causing DFNA10. This 
mutation leads to a frameshift and a premature stop codon (p.Pro155fsX). Additionally, a 
missense mutation, predicted to be deleterious, was found in two family members. Mutations in 
EYA4 can also cause a syndromic variant with hearing impairment and dilated cardiomyopathy. 
Therefore, echocardiography was performed in two family members and showed no 
abnormalities.  An interesting finding was that hearing impairment in this family started as a 
mid-frequency hearing impairment in childhood and developed into a high-frequency hearing 
impairment later in life. In general, previously described families with a mutation in EYA4 
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displayed a flat audiogram configuration. Hearing impairment in the present family was found to 
be symmetric and progressive, with a predominantly childhood onset. Vestibular testing showed 
no abnormalities. Psychophysical measurements were performed in five family members. The 
results were comparable to those obtained in patients with other sensory types of hearing 
impairments, such as patients with Usher syndrome type 2A and presbyacusis. Our results 
indicate that EYA4 effects the sensory cells of the cochlea.  
In chapter 5 a Dutch family with a novel mutation in MYH9 causing DFNA17 is presented.  Whole 
exome sequencing in the proband revealed a mutation (c.2507C>T; p.(Pro836Leu)) in MYH9 
and segregation with hearing impairment was confirmed in two other family members. So far, 
only one other mutation is known to cause DFNA17. Mutations in MYH9 can also lead to MYH9-
related diseases (MYH9-RD), including symptoms of thrombocytopenia, sensorineural hearing 
impairment, cataract, nephritis and/or polymorphonuclear Döhle-like bodies. To evaluate the 
nonsyndromic phenotype in this family cataract, nephropathy and thrombocytopenia were 
investigated and excluded. The family members presented with hearing impairment, which 
showed to be moderate to severe and progressive. The age of onset was variable. Vestibular 
testing revealed a reduction of function of one labyrinth in a single individual. 
In chapter 6 the clinical characteristics of an autosomal dominantly inherited hearing impairment 
linked to the DFNA60 locus on chromosome 2q23.1-2q23.3 is described. A pedigree spanning 
four generations was established with 13 affected individuals. Linkage analysis demonstrated 
that the locus extended over a 2.96 Mb region flanked by markers D2S2335 and D2S2275. 
The audiograms mainly had a distinctive U-shaped configuration. Deterioration of hearing 
in this family started at a wide age range, from 12-40 years. Cross-sectional analysis showed 
rapid progression of hearing impairment from mild to severe, between the ages of 40 and 
60 years, a phenomenon that is also observed in DFNA9 patients. Speech recognition scores 
related to the level of hearing impairment (PTA
1,2,4 kHz
) appeared to be fairly similar to those of 
presbyacusis patients. It is speculated that defects in genes involved in monogenic forms of 
hearing impairment with a mid-life onset, could play a role in the development of presbyacusis . 
Furthermore,speech recognition did not deteriorate appreciably before the sixth decade of life. 
We suggest that DFNA60 should be considered in hearing impaired patients who undergo a rapid 
progression in middle age and are negative for DFNA9. Cochlear implantation resulted in good 
rehabilitation in two DFNA60 patients. 
In this thesis the results of an extended test battery, or psychophysical testing, are given for
patients with non-ocular Stickler syndrome, HDR syndrome and DFNA10. These results are
helpful in evaluating the functional status of the cochlea in individuals with hereditary 
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hearing impairment in greater detail. It is speculated that cochlear hearing impairment can 
be divided into four subtypes (sensory, intra-cochlear conductive, strial and neural). In the 
Nijmegen study by de Leenheer et al., the results of psychophysical testing suggested an 
intra-cochlear conductive hearing loss in DFNA13 patients. In the discussion of this thesis an 
preliminary overview of the results of all the Nijmegen studies using this test battery is 
given. We suggest that indeed distinguishing ‘intra-cochlear conductive’ and
‘sensory‘ subtypes is valid. However, owing to the relatively low number of patients as well 
as the variation between patients, solid conclusions cannot yet be drawn.  
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Hoofdstuk 1 van dit proefschrift betreft een algemene inleiding over erfelijke slechthorendheid. 
Een overzicht wordt gegeven van non-oculair Stickler syndroom, HDR syndroom, DFNA10, 
DFNA17 en DFNA60. Tevens worden de gebruikte psychofysica testen geintroduceerd.
Hoofdstuk 2 beschrijft de audiometrische karakteristieken van twee Nederlandse families 
met het non-oculaire Stickler syndroom. De resultaten van 10 verschillende personen worden 
beschreven.  De familieleden van de eerste familie zijn drager van een heterozygote splice donor 
mutatie in het COL11A2 gen. Leden van de tweede familie zijn drager van een heterozygote 
missense mutatie in het COL11A2 gen. In beide families wordt een bliateraal, stabiel gehoor 
verlies gezien welke zich op de kinderleeftijd manifesteert. De ernst van het gehoorverlies is 
over het algemeen mild tot matig maar laat zowel een inter- als intra-familiaire variabiliteit zien. 
Behalve toon audiometrie en spraakverstaan zijn er ook psychofysica testen uitgevoerd. De 
resultaten van deze psychofysica testen zijn niet geheel sluitend maar komen het meest overeen 
met de resultaten van DFNA8/12 (TECTA) en DFNA13 (COL11A2) patiënten en zijn derhalve 
suggestief voor een intra-cochleair conductief gehoorverlies. Dit komt tevens overeen met de 
theorie dat mutaties in COL11A2 de functie van het tectoriaal membraan beinvloeden.  
Hoofdstuk 3 laat de audiometrische karakteristieken van vijf patiënten van een Nederlandse 
familie met het HDR syndroom zien. De vijf familie leden dragen allemaal een mutatie 
(c523_528dup) in het GATA3 gen die het HDR syndroom veroorzaakt. HDR syndroom is een erg 
zeldzaam syndroom en wordt gekarakteriseerd door hypoparathyreoidisme, slechthorendheid 
en renale aandoeningen. Het gehoorverlies in deze familie was congenitaal, bilateraal en 
symmetrisch. De audiogrammen laten een vlak en  mild tot matig gehoorverlies zien. De hoge 
frequenties lijken meer aangedaan te zijn. Cross-sectionele analyse laat een stabiel gehoorverlies 
zien.  CT-scans bij drie familieleden van het os petrosum waren zonder afwijkingen. Ondanks dat 
twee familieleden wel vestibulaire klachten hadden, liet vestibulair onderzoek geen significante 
afwijkingen zien. De resultaten van de psychofysica testen in drie familieleden lieten kenmerken 
zien van het  ‘sensory type’. Dit komt overeen met de theorie dat het disfunctioneren van 
buitenste haarcellen een belangrijke bijdrage levert aan het gehoorverlies bij het HDR syndroom. 
Hoofdstuk 4 belicht de audiometrische karakteristieken van een Nederlandse DFNA10 
familie. Met behulp van whole exome sequencing werd een nieuwe mutatie in EYA4 ontdekt 
(c.464del) in deze familie. Deze mutatie veroorzaakt een frameshift en een prematuur stop 
codon (p.Pro155fsX) en leidt tot DFNA10. Tevens werd een missense mutatie gevonden in 
twee familieleden, waarvan voorspeld wordt dat deze een negatief effect heeft op de functie 
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van EYA4.  Mutaties in EYA4 kunnen ook een syndroom veroorzaken met gehoorverlies en 
gedilateerde cardiomyopathie. Om die reden zijn bij twee familieleden echocardiogrammen 
verricht, welke geen afwijkingen lieten zien. Een interessante bevinding in deze familie was 
het gehoorverlies in de midden-frequenties op de kinderleeftijd dat zich later ontwikkelde tot 
een hoge-tonen verlies. Over het algemeen laten eerder beschreven families met een mutatie 
in EYA4 een vlakke audiogramconfiguratie zien. Het gehoorverlies in deze familie was verder 
symmetrisch, progressief en beginnend op de kinderleeftijd. Vestibulaire testen lieten geen 
afwijkingen zien. Psychofysica testen zijn bij vijf familieleden uitgevoerd.  De resultaten zijn 
vergelijkbaar met die van patiënten met een ‘sensory type’ gehoorverlies zoals bij patiënten met 
het Usher2A syndroom en presbyacusis. Onze resultaten wijzen erop dat EYA4 een rol speelt in 
het functioneren van sensorische cellen in de cochlea.
In hoofdstuk 5 wordt een Nederlandse familie met een nieuwe mutatie in MYH9 beschreven, 
welke DFNA17 veroorzaakt. Met behulp van whole exome sequencing in de proband werd 
deze mutatie (c.2507C>T; p.(Pro836Leu)) gevonden en segregatie met slechthorendheid werd 
bevestigd in twee familie leden. Slechts 1 andere mutatie in MYH9 als oorzaak van DFNA17 is 
bekend. Mutaties in MYH9 kunnen ook leiden tot ‘MYH9-related diseases’  (MYH9-RD).  Hierbij 
worden symptomen gezien van trombocytopenie, sensorineuraal gehoorverlies, cataract, nefritis 
en/of  ‘polymorphonuclear Döhle-like bodies’.  Daarom werden in de familie hier beschreven 
cataract, nefropathie en trombocytopenie onderzocht en utgesloten om het niet-syndromale 
fenotype te bevestigen. De familieleden van deze familie presenteerde zich met gehoorverlies 
dat matig tot ernstig was en progressief. De leeftijd waarop het gehoorverlies ontstond was 
variabel. Vestibulaire testen lieten een verminderde functie van één labyrint zien in één 
familielid. 
In hoofdstuk 6 worden de klinische karakteristieken van een autosomal dominant
overervend gehoorverlies gekoppeld aan het DFNA60 locus op chromosoom 2q23.1-2q23.3, 
beschreven. Een stamboom van 4 generaties werd vastgesteld met 13 aangedane 
familieleden. Linkage analyse liet zien dat het locus 2.96 Mb omvat, geflankeerd door de
markers D2S2335 en D2S2275. De audiogrammen lieten voornamelijk een komvormige 
audiogramconfiguratie zien. De achteruitgang van het gehoor in deze familie begon op 
verschillende leeftijden, variërend van 12 tot 40 jaar. Cross-sectionele analyse liet een snelle 
achteruitgang van het gehoor zien van mild tot ernstig tussen de leeftijd van 40 en 60 jaar, 
een fenomeen wat ook gezien wordt bij DFNA9 patiënten. Spraakverstaan scores 
gerelateerd aan de mate van gehoorverlies (PTA
1,2,4 kHz
) lieten veel overeenkomsten zien met 
die van presbyacusis patiënten. Er word gespeculeerd dat genen die betrokken zijn bij 
monogene vormen van slechthorendheid beginnend op middelbare leeftijd, een rol kunnen 
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spelen bij het ontstaan van presbyacusis. Verder bleek de spraakherkenning in deze familie 
niet af te nemen voor de zesde decade. Wij suggereren dat DFNA60 overwogen moet 
worden bij patiënten met een snelle afname van het gehoor op middelbare leeftijd die 
negatief testen voor DFNA9. Tot slot bleken twee DFNA60 patiënten goede rehabilitatie 
resultaten te laten zien met cochleair implantaten.
In dit proefschrift worden de resultaten van een uitgebreide testbatterij, de
psychofyisca testen, beschreven voor patiënten met non-oculair Stickler syndroom, HDR 
syndroom en DFNA10. Deze resultaten zijn nuttig voor het gedetaileerd evalueren van de 
functie van de cochlea in individuen met erfelijke slechthorendheid. De theorie is dat 
cochleair gehoorverlies onderverdeelt kan worden in vier subtypen (´sensory´, intra- 
cochleair conductief, ‘strial’ en ‘neural’). De Nijmeegse studie van de Leenheer et al., 
suggereerde inderdaad een intra-cochleair conductief gehoorverlies bij DFNA13 patiënten. 
In  de discussie van dit proefschrift wordt een overzicht gegegeven van de resultaten van alle 
Nijmeegse studies die gebruik hebben gemaakt van de psychofysica testen. Wij suggereren 
dat de onderverdeling van ‘sensory’  en ‘intra-cochleair conductief’ gehoorverlies inderdaad 
gemaakt kan worden. Harde conclusies trekken wordt bemoeilijkt door de relatief lage 
aantallen patiënten en de variatie tussen patiënten. 
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135Curriculum Vitae and List of abbreviations
list of aBBreviations
adNSHI  autosomal dominant non-syndromic hearing impairment
ARTA  age-related typical audiograms
ATD  annual threshold deterioration
AUNA  auditory neuropathy
CI  cochlear implant
cM  centimorgan
COL2A1  collagen, type II, alpha-1 gene
COL9A1  collagen, type IX, alpha-1 gene
COL9A2  collagen, type IX, alpha-2 gene
COL11A1  collagen, type XI, alpha-1 gene
COL11A2  collagen, type XI, alpha-2 gene
CT-scan  computed tomography scanning
dB  decibel
DCM  dilated cardiomyopathy
DFN  deafness
DFNA  autosomal dominant nonsyndromic hearing impairment
DFNB  autosomal recessive nonsyndromic hearing impairment
DFNM  modifier gene locus for nonsyndromic hearing impairment
DFNX  X-linked nonsyndromic hearing impairment
DFNY  Y-linked nonsyndromic hearing impairment
DLF  difference limen for frequency
EYA4  eyes absent 4 gene
GATA3  GATA binding protein 3 gene
GJB2  gap junction protein beta 2
GJB6  gap junction protein beta 6
HD   head domain
HDR  hypoparathyroidism, deafness, renal (syndrome)
HI  hearing impairment
HL   hearing level
Hz  hertz
IHC  inner hair cell
kHz   kilohertz
LOD  limit of detection
Mb   megabase
MYH9  myosin heavy chain 9 gene 
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MYH9-RD  MYH9 related-diseases
ND   neck domain 
NGS  next generation sequencing
NMMHC-IIA non-muscle myosin heavy chain IIA protein
OHC  outer hair cell
PTA  pure tone average
SD  standard deviation
SNHI  sensorineural hearing impairment
SNP  single nucleotide polymorphism
S/N  signal to noise
SPL  sound pressure level
SRT  speech reception threshold
STR  simple tandem repeat
TECTA  gene encoding alpha-tectorin
TD  tail domain 
USH2A  usher syndrome type 2A
WES  whole exome sequencing 
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